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Corydalis aquae-gelidae is a large herbaceous perennial
in the Fumariaceae that has high habitat specificity.It is
endemic to the western Cascade Range of Oregon and
Washington, almost entirely on the Mt. Hood and Gifford
Pinchot National Forests.It is a federal C2 candidate
under the Endangered Species Act and a Forest Service
sensitive species.
This study included a niche analysis, i.e., defining
the levels of environmental factors where Corydalis aquae-
gelidae grew, and relating its abundance to environmental
variation, using data from the southwestern Mt. Hood
National Forest.Corydalis grew in relatively cool habitats
(between late June and early September, diurnal means were
17.7°C for air temperature, 9.7°C for water temperature, and
10.6°C for substrate temperature).Elevations were from 460
Redacted for Privacyto 1300 m, on streams from headwaters to the fifth order
Clackamas River.The stream reaches occupied by Corydalis
had relatively small seasonal fluctuations in flow.An
estimated 90% of the plants on the Oak Grove Fork were
submerged yearly, and about 75% of the plants were between
average summer low water level and winterhigh water level.
The abundance of Corydalis aquae-gelidae was modeled
using principal components analysis, resulting in a
reproduction index (based on the number of seedlings and
juveniles) and a biomass index (from the number of adults,
their average leaf numbers and height, and percent cover).
The abundance of Corydalis was greatest within 5 cm vertical
distance below to 20 cm above the summer water levels, and
within 150 cm horizontal distance to the water.Optimal
water cover was within 10 to 30%.Abundance decreased with
increasing organic material and fines (material <2mm)
substrate cover.Optimal mineral and moss cover were 25 to
50% and 50 to 80% respectively.Abundance increased with
increasing gravel and cobble cover.Abundance was
suppressed where canopy cover was below 20%.GS substrates
(gravel and coarse sand) were most favorable, followed by GX
substrates (gravel and sand dominant, with other materials),
then LX substrates (soil or mud dominant).
Emergence from seeds and rootstocks occurred in late
May and early June.Plants farther from the water flowered
later than those closer to or in the water.Senescence
occurred in late August to mid-September.Temperaturedifferences and phenological state differences were
generally greater within sites than across the elevational
gradient.
Corydalis aquae-gelidae seeds required 6 to 7 months of
stratification before germination in the laboratory.Under
lab conditions, cold substrates (less than 5.8°C AM low,
12.6°C PM high) reduced growth of Senecio triangularis
seedlings, but not of Corydalis.Corydalis seedlings grew
as rapidly in a greenhouse as in the field, but warmer,
drier treatments produced less rapid growth than cool
treatments with saturated substrates.
Corydalis aquae-gelidae had relatively high allocation
to roots, and slightly below average reproductive
allocation, compared to data for other herbaceous species in
the literature, including species from the same region.
Development was slow; an estimated 8 years were required for
reproductive maturity.Using a growth model and growth
stage data from the field, a population age structure was
hypothesized.Based on this age structure, Corydalis
reproduction appeared to be adequate for population
maintenance.
Seed dispersal was mainly by explosive dehiscence and
flowing water.Corydalis aquae-gelidae was pollinated by
bumblebees (Apidae).VA mycorrhizae were present but
infrequent in the juveniles and seedlings investigated.
Slugs were the most frequent cause of herbivore damage.
Downy mildew (Peronospora) occurred at relatively lowelevations and under relatively low canopy cover.Both
competition with and niche differentiation among streamside
species were thought to occur.Corydalis aquae-gelidae
appeared to be a relatively late-successional plant.The
range of Corydalis aquae-gelidae may be restricted by
dispersal problems, rather than by unfavorable environments,
as apparently suitable habitat existed beyond its range.
Timber harvest and road building have damaged Corydalis
aquae-gelidae populations through direct physical
disturbance and habitat degradation.Water diversion for
the Stone Creek Hydropower Project should lead to loss of
plants from the large Oak Grove Fork populations through
drought and other habitat changes.Fisheries habitat
improvement projects and grazing may also threaten Corydalis
populations.Ecology of
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I.Introduction
This study sought to outline the ecology of Corydalis
aquae-gelidae from a variety of perspectives, including
niche analysis, phenology, biomass allocation, growth
modeling, and natural history observations.Most of the
conclusions could be related to limitations on the species'
distribution and abundance.It was hoped that the
conclusions would aid the conservation of the plant.A
variety of perspectives was used to obtain a more complete
background for various management contingencies.
Corydalis aquae-gelidae was studied because of its
rarity and the threats to its survival.In addition,
Corydalis' high habitat specificity and narrow endemism
helped decrease logistical difficulties in defining
limitations to its distribution and abundance.
A.Taxonomy, Morphology and Anatomy
Taxonomy.Corydalis aquae-gelidae Peck and Wilson was
first noticed by Warren C. Wilson in 1942, growing along the
Tanner Creek Trail in the Columbia Gorge District of the Mt.
Hood National Forest.He collected the type specimen near
the juncture of the Clackamas and Collawash Rivers,
Clackamas District of the Mt. Hood National Forest, in 1955.
The plant was described by Wilson and Morton E. Peck (Peck
1956).Mr. and Mrs. Marshall and Mrs. Leach also collected2
the plant in 1955, near Lookout Springs Guard Station, in
the Estacada Ranger District of the Mt. Hood National
Forest.Two of the above populations still exist, but the
population on the Clackamas River was apparently destroyed
by a flood in 1964.
The genus Corydalis consists of about 300 species
(Mabberley 1989), and is in the family Fumariaceae
(Hitchcock et al. 1964), which is sometimes included in the
Papaveraceae (Mabberley 1989).The Nepal Himalaya is a
center of diversity for the genus.The alpine (>4000m)
flora of this region contains 27 species of Corydalis, with
81.5% endemic to this region and adjacent Tibet (Ohba 1988).
Corydalis aquae-gelidae is thought to be most closely
related to Corydalis caseana var. caseana of the northern
Sierra Nevada (Hitchcock et al. 1964).Other varieties of
C. caseana include var. cusickii (northeast Oregon and
south-central Idaho), var. hastata (north-central Idaho) and
var. brandegei (Colorado, Utah, New Mexico).These plants
also grow along montane streams.Corydalis meifolia, which
grows at about 4300 m in Nepal, is apparently similar in
appearance and ecology to C. aquae-gelidae, except for
flower color.It is "a strikingly glaucous plant with
deeply divided leaves and racemes of black and yellow
flowers.It always grows in running water and beneath
waterfalls" (Lancaster 1981, page 64).
Corydalis species have been used medicinally by Native
Americans and the Chinese, and Chinese studies show that the3
genus contains bioactive alkaloids (muscle relaxants and
pain killers); the plants are also potentially toxic (Foster
and Duke 1990).Corydalis aquae-gelidae also has medicinal
potential, because related species commonly contain related
chemical compounds.
The only other Corydalis species within the range of
Corydalis aquae-gelidae is Corydalis scouleri.The two
species are usually separable by leaflet size (Table 1).
Technical descriptions and keys are available in Hitchcock
et al.(1964) and other floras.
Table 1.Characters distinguishing Corydalis aquae-
gelidae from Corydalis scouleri.
Character
Leaflet length
Flowers per raceme
Flower length
Seed length
Cauline leaves,
per adult stem
Typical habitat
C. aquae-gelidae
5-15 (30) mm
10-60
10-20 mm
ca. 2 mm
5-20, held in
multiple planes
gravelly substrate,
in or near flowing water
Horizontally absent
spreading rhizomes
C. scouleri
20-80 mm
10-30
20-30 mm
ca. 3.5 mm
2-3, held in a
single plane
moist soil,
forests
present
Morphology and anatomy.The following description was
generated from Peck (1956), Hitchcock et al. (1964),
Hitchcock and Cronquist (1973) and observations by the
author.Corydalis aquae-gelidae arises from large, fleshy4
taproots that extend to over 40 cm into the substrate.The
species reproduces by seed only; it does not spread
rhizomatously.One to about ten succulent, brittle, hollow
annual stems occur per plant, growing to over one meter tall
on favorable sites.The leaves are 4-6 times pinnate,
glaucous-green, with many elliptic leaflets.The leaflets
are normally 5-15 mm long.Occasional plants (small, non-
reproductive plants in particular) produce leaflets to 30 mm
long, growing among otherwise normal plants.The spurred
flowers are pale to deep pink, and up to 60 per raceme, each
stem having one to several racemes.The fruits are
capsules, 9-15 mm long, which explosively dehisce when
mature but still green.Most flowers develop into fruit.A
raceme may have the full range of organ development, from
buds to dehisced capsules, at the same time.About 2-9
black seeds are formed per capsule.
Anatomical investigations by the author of underground
structures revealed a high density of starch grains in the
roots, comparable to the density in a potato.The roots had
a pair of secondary cambia, with no starch grains, appearing
as two crescents in cross-section.The upper portion of the
root was hollow, and intermittently open at the sides in two
slits.Large juveniles and adults had a complex,
anastomosing part above the root, which was apparently an
upright, perennial, belowground stem.This stem stored
little starch, and had secondary growth.It had buds with
leaf primordia and large, numerous xylem elements.5
Elongated belowground stems may have been produced in
response to sediment or litter deposition.One excavated
plant had a long, thin belowground stem extending through a
deep layer of sticks, duff and moss, deposited over the
usual substrate of coarse streambed sand.Oregon State
University herbarium specimens of Corydalis nobilis from
Finland had a similar anastomosing belowground stem, but
other Corydalis species did not.
For this study, four growth stages were defined.
Seedling.Corydalis aquae-gelidae plants with cotyledons.
These were all first year plants, and they almost never had
a true, compound leaf.The cotyledons were similar in
color, texture and size to adult leaflets.
Juvenile.Corydalis plants with one or more true, compound
leaves, but no cotyledons or above-ground stems.
Adult.Corydalis plants with one or more above-ground
stems.
Reproductive Adult.Adult Corydalis plants with buds,
flowers or fruits.
B.Distribution and Abundance
Distribution.Corydalis aquae-gelidae has a relatively
limited range (figure 1, derived from Oregon Natural
Heritage Program 1990, USDA Forest Service 1983, and
personal observations), extending from Clackamas and
Multnomah Counties, Oregon, to Clark and Skamania Counties,
across the Columbia River in Washington.Most populations
are on the Mt. Hood and Gifford Pinchot National Forests.6
Figure 1.Range of Corydalis aquae-gelidae.Groups of
populations are outlined.Small populations are represented
as dots; larger occupied river reaches are only outlined.
A = Clackamas River populations.B = Oak Grove Fork
populations.C = Squaw Mtn. area.D = Soosap Pk. area.
E = Oregon populations outside the Mt. Hood National Forest.
F = Tanner Creek.G = Draw and Linney Creeks.H = Gifford
Pinchot National Forest.
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Most of the Oregon plants grow on the Clackamas and
adjacent Bear Springs Ranger Districts: on the Oak Grove
Fork of the Clackamas River, from Lake Harriet to Stone
Creek; on the upper Clackamas River, from below Big Bottom
to near the Marion County line; and on some tributaries of
these stream reaches (A, B, figure 1).Scattered
populations occur along smaller streams and headwaters on
the Estacada Ranger District, and adjacent areas of the Zig-
Zag Ranger District (C, D, figure 1).Four, probably small,
populations exist west and south of the Estacada Ranger
District, on private and Bureau of Land Management land (E,
figure 1); one is just inside Marion Co.Two outlying
populations occur on the Mt. Hood National Forest:Tanner
Creek on the Columbia Gorge Ranger District (F, figure 1),
and Draw and Linney Creeks on the Bear Springs Ranger
District (G, figure 1).Corydalis grows in the headwaters,
but rarely on the large streams below, in the northern and
western areas, but does not grow in the headwaters of the
Oak Grove Fork and Clackamas River areas.There are 47
known populations in Oregon, 18 of these mostly contiguous
on reaches within the two main river areas.
Abundance.Previous estimates of the numbers of
Corydalis aquae-gelidae plants were generally low.Some
surveys counted only reproductive adults, others counted all
plants, and others did not specify.For this study, 1990
censuses included all plants except seedlings.The censuses
were estimated by the author to have included 80% to nearly8
all plants in the population, depending on the size and
complexity of the area covered (table 2).The total
estimated number of plants within the Mt. Hood National
Forest (52,450) is 10 times the total for previous
estimates, while individual population censuses were an
average of 14 times previous estimates (sd = 20 times).
Multiplying the previous total estimate by 14 yielded about
74,000 plants, but this method was subject to greater error
than the 1990 census and estimate (apparent from the large
standard deviation), and was therefore considered less
reliable.
Within the niche analysis sample plots (see page 14),
the population consisted of 16% reproductive adults, 5% non-
reproductive adults, and 79% juveniles (seedlings were not
censused).Reproductive adults on the Mt. Hood National
Forest were therefore estimated to number 8,392.
The main fork of the Clackamas River appeared to have a
less dense population than the Oak Grove Fork (see Table 2),
due to non-suitable habitat within the occupied reach.This
non-suitable habitat included marshes, swamps, areas
recently re-worked by floods, and river banks disturbed by
road construction.The density for the other, outlying
populations was low; Corydalis was sparsely scattered along
the first order streams, although locally dense in headwater
areas.
Previous workers suggested that more populations will
be found, especially in the roadless areas of the Roaring9
River Watershed, or the Salmon-Huckleberry Wilderness.
Surveys of known populations showed, however, much
apparently suitable, but unoccupied, habitat in and around
these populations.In particular, Corydalis became very
sparse on the smaller streams north and west of the main
populations on the Clackamas River.Hence, newly discovered
populations may be small.
Table 2.Censused and estimated adult and juvenile
plant numbers and areal extent for Corydalis aquae-gelidae
on the Mt. Hood National Forest (NF).Data were from 1990
field surveys and previous reports.
Linear extent in meters and plant density per m2
Known
Censusdextent n9tTotal
Subareas extent censused extent2Density
Oak Grove Fork 14414 5743 20157 1.2
& tributaries
Clackamas R. 8000 14069 22069 0.7
& tributaries
Other sites, 5399 11473
* 16872 0.7
Mt. Hood NF.
(with number of
populations): (8) (17) (25)
Totals for 27813 31285 59098 0.9
Mt. Hood NF4(Table 2, continued)
Plant numbers
Subareas
Oak Grove Fork
& tributaries
Clackamas River
& tributaries
Other sites,
Mt. Hood NF
Totals for
Mt. Hood NF4
10
Previous Not
estimatesCensusedcensused5Total2
1808 &
"many"3
1639 &
"many"
1867 &
"many"
5314 &
"many"
16884 6727 23611
5976 10510 16486
3954 8402 12356
26814 25639 52453
1Linear extent, in meters of stream.Populations averaged
about one meter wide, i.e., 0.5 m on each stream bank, so
that linear extent in meters was about equal to areal extent
in square meters.
2Censused extent or numbers plus estimate of extent of or
numbers in known populations that were not censused in 1990.
3Previous site reports often referred to "many" or
"numerous" without explicit numbers.
4These are column totals.
5Estimated by assuming equal density in part of subarea
not censused as in censused part of subarea, i.e., (censused
numbers / censused extent) * extent not censused = numbers
not censused.
*Extent estimated by extrapolating from mean extent of
eight censused populations, i.e., (5399 m/8 populations)*17
populations = 11473 m.Previously estimated extent only
added to 3226 m, probably a very low estimate.11
II.Niche Analysis.
A.Introduction.Hutchinson (1957) proposed the
version of the ecological niche concept that is now
generally accepted (Begon et al. 1986).The niche, as used
here, consists of the range of all possible conditions
(temperature, humidity, and substrate properties, e.g. pH
and the presence of toxic compounds) and resource supply
rates (light, water, minerals, oxygen and carbon dioxide for
plants) within which a species can exist.Disturbance,
i.e., events that destroy biomass, may also be considered a
condition.Defining the response of the species to its
environment, including optima, further refines the model.A
species' abundance may not be correlated to all possible
environmental variables, however; this may happen in field
studies where a species is limited by one variable to an
area where another resource or condition is always
favorable.
The realized niche is often distinguished from the
fundamental niche (Begon et al. 1986).The former is the
reduced niche that occurs under the influence of other
organisms, including other plants (possible competitors),
herbivores and pathogens, i.e., the niche that occurs in the
field.Competitors, strictly speaking, serve only to reduce
resource supplies, but neighboring plants may actually also
change conditions or harbor herbivores or pathogens, or
provide direct interference, e.g., by breakage of herbaceous
stems by the movement of woody stems, or by harmful litter12
or allelopathic chemical production.The fundamental niche
excludes biotic influences (except perhaps mutualists), and
is larger.For plants at least, it is thought that the
realized niche is reduced more by competing species on the
more productive end of an environmental gradient, relative
to the more stressful end (Mark Wilson, personal
communication).
In field studies, hypotheses relating a species'
response to environmental variation may be difficult to
test, given the difficulties in measuring both species
abundance and the environment in direct, meaningful ways.
Indirect indicators of resources and conditions are often
used instead of the actual variables (e.g. Austin et al.
1990).In addition, the relationship may be difficult to
analyze using conventional statistical techniques.A
species' response is often assumed to be curvilinear,
perhaps bell-shaped or more complex, on a graph of abundance
related to environment (Austin et al. 1990).The area under
this response curve should be filled with data points,
because the species' maximal abundance, as determined by the
graphed variable, may be reduced by other variables (Bruce
McCune, personal communication, Webb 1972 for agricultural
crops).A linear regression, assuming constant variance, is
obviously inapplicable.
There is also the problem of non-equilibrium conditions
after recent environmental changes, disturbance or
colonization.An environment may currently be optimal for13
the species, but the species' population may not have grown
to its carrying capacity, so that measures of abundance may
be misleadingly low.Measures of plant or population growth
rates may be used to show environmental favorability, but
then environmental favorability is confounded with
intraspecific competition.Some measure of a site's
successional state may be needed.Finally, a species may be
absent from an otherwise favorable site due to difficulties
in dispersal or recent disturbance.The work of Menges
(1990) models environment-specific population growth rates
for Pedicularis furbishiae, another rare riparian plant.
Many studies have empirically analyzed species' niches.
For example, Austin et al.(1990) modeled the frequency of
Eucalyptus species as a function of rainfall, temperature,
insolation index and parent rock type, using a polynomial
regression technique.
The physiological mechanisms that determine the niche
may not be explained, but predictions of the species'
distribution and abundance may be made.These predictions
were the goal of this niche analysis.In addition, the
range of a species, on a large or microhabitat scale, may be
explained in terms of factors that define the species'
niche.Given a niche analysis, changes in the environment
(perhaps human-induced) may be hypothesized to result in
particular changes in the species' distribution or
abundance.14
B.Sampling methods.Data were collected June 29 to
September 8, 1990, and July 9 to September 10, 1991, in the
southwest portion of the Mount Hood National Forest, Oregon
(about 45° N latitude and 122° W longitude).A cross-
section of the known populations (20 of 43 on the Mount Hood
National Forest) was sampled with randomly placed 1-m2
plots.During 1990, populations were censused, and adults
randomly selected during the count, with one chosen adult
per 200 plants.A random integer x, between 1 and 200, was
generated, and the xth plant counted was used for the
sample.A 1-m2 plot was placed around each selected plant,
oriented to the four compass directions, for a total of 75
plots.During 1991, adult plants were chosen similarly,
except that complete censuses were not carried out.Because
the 1990 data showed little response of adult size and cover
to environmental variation, 1991 data collection was
modified to include a larger range of environmental
conditions.For each plot centered around a selected adult,
two additional plots were sampled, one upstream and one
downstream, at a random distance between 5 and 15 meters
from the sample plant, and between 2 meters into and 3
meters away from the stream.There were 102 selected
sample-plant plots (75 from 1990), 111 plots including
Corydalis aquae-gelidae, and an additional 39 plots with no
Corydalis, for a total of 150 plots.
The plots appeared to cover the range of conditions
under which Corydalis aquae-gelidae occurred on the Mount15
Hood National Forest.Plots were located at 600 to 1006 m
elevation in the upper Clackamas River area, 730 to 900 m in
the Oak Grove Fork area, and 840 to 1250 m on the smaller
streams and headwaters in the Squaw Mtn. and Soosap Pk.
areas (C, D, figure 1).Populations on the Gifford Pinchot
National Forest, Washington, and a population in the
Columbia River Gorge (Tanner Creek watershed, Oregon) were
observed; they occurred in conditions fairly similar to the
small-stream and headwater populations in the southwestern
Mount Hood National Forest.This niche analysis thus should
represent Corydalis throughout its range.
For each 1-m2plot, the following environmental
variables were recorded, as well as Corydalis' condition.
General:
Date.Days since June 21.
Time of day.To the nearest 0.25 hour.Sampled times
ranged from 8:45 to 18:45.
Elevation.Meters, from 7.5' USGS topographic maps.
Stream order.First order streams are the smallest on
the maps; two first order streams join to form a second
order stream, etc. (Horton 1945).Streams too small to
appear on the maps were recorded as 0 order.
Geographic area.Upper Clackamas River and
tributaries, Oak Grove Fork of the Clackamas River and
tributaries, Soosap Peak area, Squaw Mountain area (figure16
Air, substrate and water temperature.Taken with a
digital thermistor thermometer.Air temperature within the
canopy of the sample plant, and substrate temperature at
about 12 cm depth, within the plot.Water temperature was
recorded at 2 to 20 cm if there was water within the plot.
Water position variables:
Horizontal distance to water.From the plot center to
the nearest water surface, with "in the water" scored as
zero.
Vertical distance to water.From the plot center to
the nearest water surface, negative numbers indicating the
depth of plot center below the water surface.
Water cover percent.Ocular estimate of the percent of
the plot surface covered by water.
Substrate cover variables:
Moss, mineral and organic material surface cover
(percent, the three summing to 100%).
Stones (>250mm), cobbles (76 to 250 mm), gravel (2 to
76 mm), and fines (<2mm, sand, silt, clay, and highly
decomposed organic material) surface cover (percent, the
four summing to 100%).
Substrate type.Gravel and coarse sand (GS); gravel
and sand dominant, with soil, mud or coarse (> 2mm) organic
material additionally (GX); soil or mud dominant, other
materials additionally (LX).Component materials were
noted:gravel, sand, soil, mud, water-borne debris, litter,17
roots, peat.For correlations, the three types were
numbered 1 to 3 in the order given above.
Biotic environmental variables:
Canopy cover percent.Estimated using a spherical
densiometer (a concave mirror with a grid, model C, Paul
Lemmon, Forest Densiometers, Arlington, VA) held at 1 meter
above plot center, facing both north and south.The two
readings were used in the analyses both separately and
averaged together.
Height to canopy bottom.An estimate in meters.
Canopy species.Presence of all shrubs and trees over
1 m above the plot.
Understory species.Presence of all species with cover
below 1 m, with cover scored as dominant (>50% and capable
of shading adult Corydalis), important (25 to 100% cover but
not dominant), sparse (5 to 25% cover) or trace (<5% cover).
Understory species richness.Total number of species.
Understory species cover.Number of species in each
cover class, multiplied by 75% for dominant, 62.5% for
important, 15% for sparse and 2.5% for trace.
Corydalis abundance variables:
Cover percent.Ocular estimate within plot.
Numbers of each of four growth stages:seedlings,
juveniles, non-reproductive adults, and reproductive adults
(defined on page 5).
Average height and leaf numbers of largest three
adults.There were often fewer than three adults present.18
In forty plots occupied by Corydalis aquae-gelidae,
additional soil sampling was carried out.A sample of soil,
about 10 x 10 cm and 15 cm deep, was sifted through a 2 mm
sieve with the help of stream water.Gravel, coarse (>2mm)
organic material and fine material were measured
volumetrically, by water displacement with the coarse
fractions.Percent volume was calculated for each
component.
A few missing values were estimated.Where water cover
was not recorded (2 samples), a regression of horizontal and
vertical distance (P<.0001, R2=.50, n=139) was used to
estimate the values.Where streambeds were locally without
surface water (four samples with Corydalis aquae-gelidae,
five without), horizontal and vertical distances were
estimated as their median (145 and 30 cm respectively) for
Corydalis plots, and as their maximum (300 and 115 cm
respectively) for non-Corydalis plots, which often fell on
very dry substrates.
Time dependency was tested graphically and by linear
regression; date or time of day was not correlated with the
other variables, except as in the results, below.
C.Regional climate.
Results.Corydalis aquae-gelidae grew within the Tsuga
heterophylla and Abies amabilis forest zones of Franklin and
Dyrness (1973).Data from Franklin and Dyrness (1973)
indicate that the former zone, at lower elevations, has an
average annual temperature of about 9°C, with average July19
maximums about 27°C.Precipitation is about 2000 mm, with
only 6% in summer.The higher Abies amabilis zone has an
average annual temperature of about 6°C, average July
maximum about 21°C, and rainfall about 2200 mm, with 8% in
summer.The larger river areas, i.e., the upper Clackamas
River and the Oak Grove Fork, appeared to have a drier, more
continental climate than the headwater habitats to the west
and north, in the Squaw Mountain and Soosap Peak areas.
During the summer, the former areas could be relatively
clear while rain was falling in the latter areas.
D.Microsite temperature patterns.
Results.Corydalis aquae-gelidae grew in a relatively
cool, humid environment.Temperatures were approximately
normally distributed, though with a few high outliers for
air and substrate temperature.Water temperature averaged
9.7°C (sd 2.0, range 5.2 to 14.1), substrate temperature
averaged 10.6°C (sd 2.3, range 5.4 to 18.9), and air
temperature averaged 17.7°C (sd 3.8, range 8.9 to 29.8).
Date and time of temperature observations were not
correlated with elevation.
Substrate temperature was correlated with water
temperature (r2=.59, P<.0001), but less so with air
temperature (r2=.18, P<.0001).Air and water temperatures
were loosely correlated (r2=.14, P<.0001).Because the
substrate was often submerged, many plots had the same water
and substrate temperature, or the substrate was slightly20
higher.Outliers occurred above the water level, or where
cold spring water flowed through the substrate.
A regression model was built for temporal changes in
air temperature:
air temp.(0C) = -20.8- 0.025(date) + 5.4(time) -
0.18(time2)
R2=.15P<.0001n=150
Date was calculated as days since June 21.Time was
military, with minutes transformed to decimals of hours.
The maximum predicted temperature on July 15 was 19.1°C at
15:00.This value was relatively low compared to July
maximums for weather stations in these forest zones (page
18).Spearman rank correlations on the residuals from the
above regression were calculated; only elevation was
significant (rs= -.25, P=.002).Better correlations of
temperature with environmental variables (e.g. canopy cover)
might have been obtained if cloud cover had been recorded.
Linear or polynomial regressions of water and substrate
temperature on time were not significant.Regressions with
date were significant, but only resulted in a two or three
degree seasonal range in predicted values, and therefore
were considered unimportant.Several environmental
variables were correlated with water and substrate
temperature (table 3); rank correlation was used as the
relationships were not bivariate normal.
Temperatures decreased with elevation and increased
with stream order, as would be expected; stream order was21
inversely correlated with elevation.Moss cover may reflect
the insolation received by the site, i.e., cool, shady sites
Table 3.Correlations of environmental variables with
water and substrate temperature.Only statistically
significant (alpha = .05) Spearman rank correlations (rs)
are shown.
Water temperature
rs P
Elevation -.55 <.0001
Stream order .42 <.0001
Mineral cover percent .37 .0001
Moss cover percent -.36 .0001
Substrate temperature
rs P
Horizontal distance to water .50 <.0001
Moss cover percent -.45 <.0001
Vertical distance to water .44 <.0001
Water cover percent -.34 <.0001
Elevation -.30 .0002
Organic cover percent -.22 .009
Stream order .21 .01
Substrate type .20 .02
Gravel cover percent -.20 .02
Fines cover percent .18 .03
Cobbles cover percent -.18 .0322
have more moss, rather than mineral, cover.Canopy cover
was not statistically significant, but may have been
measured with low precision; small changes in the way the
densiometer was held could produce large changes in the
reading, and only large holes in the canopy could be
quantified.Obviously, wetter substrates will be cooler;
the other variables correlated with substrate temperature
were also correlated with the water position variables
(horizontal and vertical distance, water cover percent).
E.Model of Corydalis aquae-gelidae abundance.
Analytical methods.The seven abundance variables were
combined into two abundance indices, in order to decrease
analysis time and to decrease the effect of outliers.A
combinatory index should have brought in outliers on one or
a subset of the input variables.Because the abundance
variables correlated well, little information (in terms of
variability) was lost by using the indices.The abundance
variables were correlated (P<.0001):seedling vs. juvenile
numbers, r2=.51, cover vs. average height * no. of adults,
r2=.88, and cover vs. average no. of leaves * adults,
r2=.84.
The variables were transformed (natural logarithm or
square root) to approximate bivariate normality on all
pairwise comparisons.The variables were also standardized
using the formula (Xi - mean)/sd.The variables were then
combined using two principal components analyses to a
produce a reproduction index (using seedling and juvenile23
numbers) and a biomass index (using cover, adult numbers
multiplied by average leaf number, and adult numbers by
average height).A constant was added to the indices to
increase their minima to zero, corresponding to zero on the
original variables.The dry weight of Corydalis plants was
correlated with both their height and leaf numbers (see page
102), hence height and leaf numbers multiplied by the adult
density gave an index of the biomass in the plot.Cover was
probably also correlated with adult biomass.In addition,
height and leaf numbers were correlated with pedicel
numbers, and therefore seed production (page 102).
Results.The reproduction index (first PCA axis)
accounted for 86% of the variance from the input variables;
the original variables were correlated with the index at
r2=.86.The biomass index accounted for 96% of the variance
for cover, height*adults and leaves*adults.The original
variables were correlated with the index at r2=.94, .97 and
.96, respectively.The equations for these indices were:
reproduction index = 0.71 ln(seedlings + 1) + 0.71
ln(juveniles + 1)
biomass index = 0.57 (cover)1/2 + 0.58 ln(height*adults
+ 1) + 0.58 ln(leaves*adults + 1)
The two indices were correlated (r2=.48, P<.0001) but a
graph between them showed that reproduction was not
necessarily high when adult biomass was high.This pattern
was evidently due to suppression of seedlings by adults, and24
to a restricted establishment niche.Adults persisted where
seedlings did not establish.
To increase the biological interpretability of the
indices, regressions were run to back-predict the indices
from the original input variables in table 4.The original
variable values that corresponded, on average, to given
index values are shown in table 5.There was a gap in the
values for the biomass index (see, e.g., figure 5).This
gap was due to the lack of samples with small adults; plots
either had no adults, or they were at least ten cm high and
with four leaves.This gap was increased by the logarithmic
transformations of the original variables.
Table 4.Statistics for Corydalis aquae-gelidae
abundance variables.Statistics for all 150 plots, or only
those plots where the abundance was greater than 0 are
given.
All plots . Where>0 .
Median Range Median Range
Cover percent 30 0- 100 40 1- 100
Seedling numbers 0.5 0-83 8 1-83
Juvenile numbers 2.5 0-68 8 1-68
Adult numbers 1 0-21 3 1-21
Leaf numbers per plant 10 0- 217 15 4- 217
Height of plants (cm) 51.5 0- 118 64 10- 11825
Table 5.Correspondence of original variables with
abundance indices.
Reproductionindex
0 1 2 3 4
Seedling numbers 0 1.6 5.5 15.6 41.4
Juvenile numbers 0 1.9
Biomass
7.5
index
23.8 71.3
0 1 2 3 4 5
Adult numbers 0 0 1 2 4 13
Leaf numbers 0 0 2 7 40 330
Height (cm) 0 5 20 46 82 128
Cover% 0 4 15 34 60 94
F.Geomorphology.
Results.Corydalis aquae-gelidae grew in a narrow band
(the active channel of Gregory et al. 1991) along streams of
all sizes, although the occupied headwater streams (less
than first order) were mainly at high elevations in the
Squaw Mountain and Soosap Peak areas.The largest stream
was the fifth order channel of the upper Clackamas River.
Adult abundance (the biomass index) varied significantly
among stream orders (ANOVA, P=.03), but the reproduction
index did not.Because plots without Corydalis were not
distributed evenly with respect to stream order, only those
plots with Corydaliswere used in the analysis.The only
significant contrast (95% Bonferroni tests) was between zero
(headwater) and fourth order (the Oak Grove Fork) streams,26
with mean biomass indices of 2.9 and 3.7, respectively.The
other stream orders had an intermediate mean index, except
for second order streams; with a mean of 2.4, but only 3
samples, it could not be statistically compared.
The largest, densest plants (high biomass index) grew
along the largest streams.The plants appeared to be
smaller and less compact on the smaller streams due to
greater canopy cover.This pattern of smaller plants in the
headwaters was also shown in the mean biomass index in the
different areas (ANOVA P=.0002).The 95% Bonferroni
contrast between the Oak Grove Fork (mean 3.7) and the
Soosap Peak and Squaw Mountain areas (both at 2.9) was
significant, with the upper Clackamas River area
intermediate at 3.4.
Elevation and stream order were highly correlated
(Spearman's rank correlation rs=-.84, P<.0001), but some
populations grew on low elevation small streams in the upper
Clackamas and Oak Grove Fork areas.Corydalis aquae-gelidae
occurred as low as 585 m elevation on the Clackamas River.
The now-extinct type location at the juncture with the
Collawash River was around 490 m.The site near Tanner
Creek in the Columbia Gorge was at 460m.The upper
elevational limit was at 1300 m, near Squaw Mountain.
Corydalis abundance indices did not vary significantly,
statistically or biologically, with elevation.Elevational
limits may have been more affected by hydrology (increasing
flood damage or seasonal flow fluctuation) than temperature.27
Lower elevational reaches of the Clackamas River (below the
Collawash River in particular) had greater flood damage and
seasonal fluctuation, the latter drying the potential
riverside habitat in late summer.Stable, spring-fed
streams were probably rare at higher elevations; the
headwater populations in the Squaw Mountain and Soosap Peak
areas appeared to occur as high as suitable stream habitats
remained.The upper elevational limit for Corydalis in the
Oak Grove Fork area (972 m) coincided with the start of the
intermittent section of Stone Creek.The lower elevational
limits for the Squaw Mountain and Soosap Peak populations,
and the upper elevational limit in the Clackamas River area
(1006 m), coincided with increasingly unstable substrate and
hydrologic conditions on first and second order streams.
The headwaters of the Clackamas River and Oak Grove Fork
(above the Corydalis populations, fig. 1) consisted mostly
of intermittent streams, wet meadows, and lakes, all
unsuitable habitat for Corydalis.
Fairly stable growing season water supplies were
provided by the springs feeding many occupied streams, but
winter flooding and some scouring may discourage other
species and retain substrate conditions favorable for
Corydalis aquae-gelidae.Older gravel bars, higher above
the water, showed incipient soil formation and more possibly
competing plants.Of course, excessive erosion or burial of
the substrate was also harmful. Highly scoured surfaces
(i.e., with horizontal erosion, cleaned off rocks and28
gravels, and little or no moss) supported few, small
Corydalis plants, as did cut banks and heavily flood damaged
areas.
Flood damage occurred in some areas; few Corydalis
aquae-gelidae colonized reworked areas along the Clackamas
River.Corydalis was not a strong pioneer, unlike Mimulus
guttatus, Epilobium glandulosum or Alnus rubra.Changes in
habitat due to rerouting or damming of braid channels, and
siltation leading to marsh, bog or swamp creation, also very
likely extirpated local groups under natural conditions.
Small, spring-fed headwater streams were often
associated with brushy forest openings, although Corydalis
aquae-gelidae usually grew where the streams ran either
through the adjacent forest or along forest/thicket edges.
Corydalis also occurred in "seeps," where water flowed
through gravel and moss, typically with a spring at the head
and turning to a small stream below.Corydalis was sparse
on larger first and second order streams, perhaps due to a
lack of persistent gravel deposits with fairly constant
growing season water levels.More plants grew on the third
to fifth order streams.
Cobble or gravel bars provided the largest areas of
suitable habitat at the best position relative to the water,
and especially impressive groups were found on bars.These
bars were low enough in the water to discourage the invasion
of woody plants.In many shallow streams, or shallow29
backwater channels of larger streams, Corydalis aquae-
gelidae often grew directly in the cobble stream bed.
G.River flow fluctuations.
Results.Streams occupied by Corydalis aquae-gelidae
exhibited much less bare gravel and rock above the summer
water level than many unoccupied streams; the Collawash
River, Tanner Creek, the Roaring River and the lower reaches
of the Clackamas River in particular had extensive dry,
scoured banks.Corydalis may be excluded from streams or
stream reaches with large seasonal flow fluctuations, which
would subject plants to rapidly changing summer water
status.The area favorable for establishment early in the
season would become too dry later.In addition, high water
flows may disturb the substrate, burying or unearthing the
plants.Finally, large bands of bare gravel may produce an
overly hot and dry microclimate.
This hypothesis is supported by gaging station data for
the southwest Mount Hood National Forest (Table 6).The
average annual stream flow (i.e., stream size) did not
differ significantly between reaches occupied by Corydalis
and other reaches, nor did year-to-year variability or the
difference between high and low flow in cubic feet per
second (one-tailed rank sum tests).The coefficient of
variability for annual and growing season fluctuation was
lower for occupied stream reaches (P=.01).Data for the Oak
Grove Fork dated from before the construction of Timothy
Lake upstream.Twenty-five years of data were also30
Table 6.River flow analyses.Annual mean is the mean of
mean annual flows in cubic feet per second.Range is the
difference between minimum monthly mean and maximum monthly
mean, i.e., the absolute average annual fluctuation.CV is
for the monthly means, i.e., the relative seasonal
fluctuation.Growing season CV is the CV for June to
September monthly means, i.e., the growing season
fluctuation.Data from Bingham Engineering (1985).
Occupied Reaches
Oak Grove Fork
below Stone Creek
Annual Growing
mean Range CV season CV
(25 years) 227 172 0.27 0.25
Oak Grove Fork above
Harriet Lake
(10 years) 536 419 0.30 0.24
Upper Clackamas
at Big Bottom
(14 years) 481 425 0.35 0.29
Unoccupied Reaches
Shellrock Creek
(25 years) 62 64 0.43 0.40
Clackamas above
3 Lynx (25 years) 2046 2502 0.46 0.43
Clackamas at Estacada
(25 years) 2840 3893 0.51 0.48
Roaring River near
Estacada (2 years) 171 265 0.55 0.43
Collawash River
(2 years) 664 1477 0.73 0.67
available for this stream after dam construction;average
annual flow decreased, as did seasonal fluctuation.
Three possible explanations existed for the lesser
seasonal streamflow fluctuation on the Oak Grove Fork and31
the upper Clackamas River.Much of their flow seemed to be
contributed by springs and subsurface flow, rather than
direct runoff.They seemed to have relatively large amounts
of unconstrained reaches (where valley floor width is more
than twice the active channel width, Gregory et al. 1991),
so that peak flows would be dispersed on floodplains and
bottomland marshes and swamps.Finally, they may have
relatively more intact forest, with less clearcuts and bare
rock, so that peak flows are buffered more.
Seasonal relations of Corydalis aquae-gelidae to the
river level were explored.River flow data in Bingham
Engineering (1985) for the Oak Grove Fork below Stone Creek
could be transformed into vertical distances using the
relationship for the gaging station.These distances were
relativized to the mean July water level.Data points for
each month in figure 2 include the mean of monthly means for
25 years, and maximum and minimum monthly means.The
relation between flow and river level varies with the width
and bed shape of the river; seasonal changes in vertical
river level further downstream would vary accordingly.
The Stone Creek Hydropower Project on the Oak Grove
Fork, under construction in 1992, will divert a maximum of
250 cubic feet per second (cfs) from 9 km of the river.The
mean annual flow of is currently 227 cfs.During November
through June at least 30 cfs will bypass the intake, and 40
cfs during July through October, to provide fish habitat
(Michael Barclay, Cascades Environmental Services, personal32
Figure 2.Average river level on the Oak Grove Fork as
vertical distance to mean July water level.After diversion
for the Stone Creek Hydropower Project, the river level will
always be at the bypass level when the input flow is at the
mean or minimum of monthly means.Calculated from Bingham
Engineering (1985).
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Figure 3.Average percent of adult Corydalis plants
submerged.After diversion, no plants will be submerged
when the input flow is at the mean or minimum of monthly
means.
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communication).Using this prescription, the river flow
will always be at the minimum bypass level when the input is
at the mean or minimum monthly means, except for the January
mean (figure 2).
During July, 1990, on the Oak Grove Fork, the lowest
plant was 14 cm below the water surface, the median was 7 cm
above (n=97), 95% of the plants were within 25 cm, and the
highest plant was at 95 cm, growing in a partially abandoned
braid channel.Assuming a constant relation between stream
flow and vertical water level along the Oak Grove Fork,
measured plant locations were used to predict the number of
Corydalis plants that would be submerged under the river
levels in figure 2, yielding figure 3.Under natural
conditions, about 3/4 of plants occupy the zone between
average summer low and winter high water level.
Table 7.Vertical distance (cm) of adult Corydalis
plants to the average river level before and after
diversion.
Lowest plant 5% Median 95%Highest plant
August
before -11 -6 10 28 98
after 19 24 40 58 128
January
before -36 -31 -15 3 73
after 20 25 41 59 129
95% of the plants were below 28 cm vertical distance of
the summer low water level; after diversion, 95% of the
plants will probably be above 24 cm (table 7).Winter35
inundation of Corydalis plants will also be severely
reduced.
H.Microsite niche analysis.
Analytical methods.Data from 1-m2 plots were used to
model the response of Corydalis aquae-gelidae to
environmental variables, on a microsite scale.Stream
channel subunits can be classified as riffles, pools,
rapids, cascades, backwaters, eddies and side channels.
According to Gregory et al.(1991), channel subunits have a
median spatial scale of one meter (range 0.1 to 10 meters)
and a median temporal scale of stability of one year (range
0.1 to 10 years).
Ordination scores were calculated for each plot, using
multivariate analysis of canopy and understory species
(exclusive of Corydalis aquae-gelidae).Because of the wide
variety of sites sampled and the small plots, the species by
sample data matrices were largely zeroes (94% for the
understory, 89% for the canopy).Bray-Curtis ordination on
the understory species, using city-block distance and
variance-regression endpoint selection (Beals 1984),
extracted only 18% of the variation on the first three axes.
Ordinations of sparse data matrices often fail to give
interpretable results (Bruce McCune, personal
communication).The data matrices were transformed using
the sociological favorability index (Beals 1984), which uses
binary data and calculates the probability of a species
occurring in a plot based on all other plots and species.36
The same Bray-Curtis ordination methods then extracted 48%
of the understory variation on the first three axes.The
same methods used on the canopy species extracted 77% of the
variation on the first three axes.Non-metric
multidimensional scaling (NMMDS, Kruskal 1964) was run on
the Bray-Curtis ordination scores, to see if this ordination
method could improve results.Graphs of stress versus
iteration number showed some stress reduction before a
plateau, i.e., distances in three-dimensional ordination
space became more like those in the full matrix of plot
distances.For the understory, both Bray-Curtis and NMMDS
results were used in the results below.The results from
NMMDS and a cluster analysis on the original binary data
were used for the canopy species.Euclidean distance and
Ward's clustering algorithm were used to define six canopy
types; this clustering method provided the least chaining
(1.2%) of those tried.
Linear or polynomial regression techniques did not fit
the relationships between environmental variables and
Corydalis aquae-gelidae abundance indices.The variance was
greatest where the mean abundance was greatest.Non-
constant variance reduces the precision of parameter
estimates, but this can be overcome with the weighted least
squares method (Neter et al. 1989).The lack of fit by any
reasonable equation was a more serious problem.Polynomials
could not represent asymptotes at zero.Normal curves
produced an asymptotic bell curve, but could not take into37
account skewed or more complex shapes.These equations
would produce inaccurate predictions of the dependent
variable, deflated statistical significance (higher P
values), and deflated correlation coefficients (lower r2
values).In addition, comparisons of the relative magnitude
of the effect of different variables would be biased; the P
and r2 statistics only reflect the aptness of the given
model's equation.
A smoothing procedure was used instead of regression.
Reproduction and biomass index scores were sorted according
to the scores for each of the environmental variables.The
resulting ordered series (of reproduction or biomass index)
were put through two smoothing procedures available on the
Statgraphics Version 5 software (STSC, Inc. 1991).First, a
five-term running median was used (Tukey 1977).This
procedure removed the adverse effects of outliers, but left
too much scatter in the smoothed line to allow
interpretation.Fourth order polynomial smoothing was used
for a second smoothing of the vectors.Polynomial smoothing
uses the same least squares algorithm as multiple polynomial
regression, but uses the ordered y values and integers
instead of the original x values.Any negative smoothed
values were replaced with zeroes.This smoothing procedure
gave similar results as a 31-term moving average, but had
less uninterpretable variability in the smoothed line.The
moving averages also were sensitive to the end values on the
x axis, so that unrealistic swings in the smoothed line38
occurred near the ends.Polynomial smoothing lessened, but
did not eliminate, these problems.Biological significance
indices were determined by subtracting the minimum on the
smoothed line from the maximum on the line.These indices
were then used to compare the relative effect of each
environmental variable, testing for biological (rather than
statistical) significance.Those environmental variables
with a greater curvature in the smoothed line were
considered to have the greater effect on Corydalis
abundance.Comparing these significance indices was
analogous to comparing the slopes from a group of single
linear regressions.
Two methods were used to show statistical significance,
i.e., to show that the observed pattern was unlikely to be
solely due to an unrepresentative random sample.Spearman's
rank correlation coefficient did not depend on an equation-
fitting procedure, and was appropriate for most of the
relationships.Some of the relationships were not
monotonically increasing or decreasing, but curvilinear,
however.Therefore quadratic regressions were also run.
Results.
Environmental intercorrelations.The water position
variables were highly correlated, as expected (table 8).
The major gradient on the sampled spatial scale appeared to
be up the streambank, perpendicular to stream flow.The
substrate type and substrate cover variables were generally
correlated with water position, but there was also an39
independent factor, i.e., variation of substrate along the
streambank.This pattern caused many correlations to be
low, even if significant.Stones cover had many zeroes and
was not correlated with Corydalis aquae-gelidae abundance,
and hence not considered further.
The north and south facing measurements of canopy cover
were correlated with each other (rs=.69, P<.0001), with moss
cover (rs=.20, .24, P=.01, .004 respectively) and mineral
cover (rs=-.23, -.19, P=.005, .02 respectively).Excess
insolation apparently inhibited the growth of moss or
increased the density of herbs which suppress the moss.
Height to the canopy bottom was not correlated with
Table 8.Intercorrelations among environmental
variables.Spearman Rank Correlations, rs, and statistical
significance (P) were calculated, with n=150.Substrate
types were ranked:1=GS, gravel and coarse sand, 2=GX,
gravel and sand dominant, with other materials, 3=LX, soil
or mud dominant.
Horizontal
distance
Water
cover
Moss
cover
Mineral
cover
Organic
cover
Vertical .91 -.81 -.10 -.23 .32
distance (<.0001)(<.0001) (.22) (.005) (.0001)
Horizontal -.82 -.21 -.14 .31
distance to water (<.0001) (.01) (.08) (.0002)
Water cover -.03 .35 -.28
(.64) (<.0001)(.0007)
Moss cover -.52 -.34
(<.0001)(<.0001)
Mineral cover -.50
(<.0001)40
Cobble
cover
Gravel
cover
FinesSubstrate
covertype
Vertical distance -.24 -.21 .24 .40
to water (.004) (.009) (.003)(<.0001)
Horizontal distance -.22 -.16 .20 .33
to water (.007) (.047) (.01) (.0001)
Water cover .19 .12 -.21 -.33
(.02) (.13) (.01) (.0001)
Moss cover .25 -.07 -.10 -.07
(.002) (.42) (.22) (.39)
Mineral cover .24 .43 -.50 -.57
(.003) (<.0001)(<.0001)(<.0001)
Organic cover -.47 -.35 .66 .68
(<.0001)(<.0001)(<.0001)(<.0001)
Cobble cover .14 -.74 -.58
(.09) (<.0001)(<.0001)
Gravel cover -.49 -.56
(<.0001)(<.0001)
Fines cover .79
(<.0001)
Corydalis aquae-gelidae abundance, and hence was not
considered further.
Microsite environmental variables changed somewhat with
elevation and stream order.Corydalis aquae-gelidae was
apparently able to grow farther from the water at higher
elevations (cooler, moister habitats); elevation was
correlated with vertical distance to water (rs=.23, P=.0055)
and water cover percent (rs=-.25, P=.002).Stream order was
less well correlated (vertical distance rs=-.16, P=.047,
water cover rs=.24, P=.003).Less favorable substrate types
(no. 2, GX and no. 3, LX) were more frequent in smaller41
(lower order) streams (rs=-.26, P=.002).Mineral cover
decreased with elevation (rs=-.19, P=.02).Both mineral and
organic cover changed with stream order (rs=.33, -.25,
P<.0001, .0022 respectively).There was greater cobble
cover on larger, lower elevation streams (order rs=.23,
P=.005, elevation rs=-.19, P=.02).Corydalis on lower
elevation rivers often grew on cobble bars.
Understory species richness and cover.The number of
species in each cover class was generally uncorrelated among
classes, except that the number of trace species was
correlated with important (rs=.20, P=.01) and sparse species
numbers (rs=.35, P<.0001).Only the number of important
species was correlated with Corydalis aquae-gelidae
abundance, but the environmental correlations with species
richness and total cover were also explored (table 9).
Species richness increased monotonically away from the
stream edge.Mean species richness per m2 plot was eight
species (range 0 to 20) in this study, which was apparently
high for stream edge or active channel habitats.
Mean species richness for another area of the Oregon
Cascadeswas 4.0 for the stream edge, 4.5 for the active
channel, and peaked at 6.0 species per m2 in the floodplain;
richness peaked at 7.0 species in the active channel in a
study in the Sierra Nevada (Gregory et al. 1991).
Community composition ordinations.Correlations of the
sociological favorability index of particular species with
the ordination axes were calculated (table 10).The first42
understory axis contrasted species of wet riparian habitats,
particularly on the larger streams, with species of either
wet habitats with finer substrates or moist forest habitats;
these latter species were often of higher elevations.The
canopy axis contrasted dense Tsuga heterophylla and high
Table 9.Correlations with associated species richness
and cover.Spearman Rank Correlations, rs, and statistical
significance (P) were calculated, with n=150.Substrate
types were ranked:1=GS, gravel and coarse sand, 2=GX,
gravel and sand dominant, with other materials, 3=LX, soil
or mud dominant.
Number of
important
species
Total
species
richness
Total
understory
cover
Vertical distance .25 .31 .38
(.002) (.0001) (<.0001)
Horizontal distance .16 .22 .28
(.052) (.008) (.0006)
Water cover -.27 -.34 -.41
(.001) (<.0001) (<.0001)
Substrate type .41 .43 .48
(<.0001) (<.0001) (<.0001)
Moss cover .02 .19 .11
(.78) (.02) (.18)
Mineral cover -.39 -.43 -.48
(<.0001) (<.0001) (<.0001)
Organic cover .37 .40 .48
(<.0001) (<.0001) (<.0001)
Cobble cover -.28 -.18 -.26
(.0007) (.03) (.0016)
Gravel cover -.15 -.26 -.20
(.07) (.002) (.014)
Fines cover .44 .47 .49
(<.0001) (<.0001) (<.0001)43
elevation canopies with the less dense canopies found on the
larger rivers.The second and third understory and canopy
axes did not provide an evidently interpretable species
pattern, nor did they provide new information when
correlated with other environmental variables or Corydalis
aquae-gelidae abundance indices, and these axes were removed
from further consideration.Note that NMMDS gave similar
results as the Bray-Curtis method, but generally decreased
the correlations.
Table 10.Correlations of species' sociological
favorability indices with community ordination axes.The
sociological favorability index represented the probability
of each species occurring in each plot.Only statistically
significant rank correlations (tau>.14 for P<.01, using the
methods in Kendall and Gibbons 1990), with more than five
occurrences for the species in the original data, are
reported.
Glyceria elata
Stellaria longipes
Boykinia major
Veronica americana
Oenanthe sarmentosa
Equisetum arvense
Stachys cooleyae
Elymus glaucus
Aconitum columbianum
Agrostis thurberiana
Aster modestus
Petasites frigidus
Physocarpus capitatus
Carex deweyana
Mimulus guttatus
Cardamine cordifolia
Heracleum lanatum
Festuca subulata
Trisetum cernuum
Understory axis one
Bray-Curtis NMMDS
.71 .67
.68 .63
.67 .64
.67 .62
.61 .57
.57 .59
.53 .53
.52 .54
.51 .53
.51 .54
.50 .53
.47 .44
.44 .46
.42 .42
.41 .41
.40 .36
.38 .41
.37 .37
.37 .3444
Montia sibirica .36 .33
Epilobium glandulosum .34 .33
Alnus rubra .33 .31
Cardamine breweri .27 .24
Saxifraga arguta .25 .24
Galium triflorum .20 .19
Lactuca muralis .18 .18
Mitella ovalis -.34 -.34
Oplopanax horridum -.38 -.38
Thuja plicata -.42 -.47
Montia cordifolia -.43 -.43
Gymnocarpium dryopteris -.48 -.47
Corydalis scouleri -.51 -.52
Tsuga heterophylla -.51 -.52
Luzula parviflora -.54 -.53
Athyrium filix-femina -.56 -.56
Rubus spectabilis -.57 -.53
Trautvetteria caroliniensis -.59 -.57
Oxalis triliifolium -.60 -.60
Tiarella trifoliata -.60 -.61
Linnea borealis -.61 -.62
Streptopus amplexicaulis -.61 -.59
Abies amabilis -.64 -.63
Polystichum munitum -.66 -.65
Listera cordata -.67 -.68
Vaccinium parvifolium -.67 -.69
Blechnum spicant -.70 -.69
Vaccinium alaskaense -.70 -.70
Cornus canadensis -.71 -.71
Rubus pedatus -.71 -.68
Mitella pentandra -.74 -.71
Canopy axis one
Bray-Curtis NMMDS
Tsuga heterophylla .85 .87
Abies amabilis .79 .79
Abies procera .76 .77
Alnus sinuata .53 .51
Rubus spectabilis .38 .40
Acer glabrum -.20 -.19
Acer circinatum -.23 -.21
Vaccinium parvifolium -.28 -.27
Menziesia ferruginea -.30 -.29
Taxus brevifolia -.30 -.30
Pseudotsuga menziesii -.50 -.49
Thuja plicata -.78 -.50
Alnus rubra -.74 -.76
Abies grandis -.79 -.77
Physocarpus capitatus -.76 -.7845
Table 11.Correlations of environmental variables with
community ordination axes.Spearman Rank Correlations, rs,
and statistical significance (P) were calculated, with
n=150.Substrate types were ranked:1=GS, gravel and
coarse sand, 2=GX, gravel and sand dominant, with other
materials, 3=LX, soil or mud dominant.
Understory axes Canopy axis
NMMDS Bray-Curtis NMMDS
Vertical -.25 -.24 .21
distance (.003) (.003) (.009)
Water .29 .27 -.24
cover (.0005) (.001) (.003)
Elevation -.52 -.51 .53
(<.0001) (<.0001) (<.0001)
Stream .66 .65 -.57
order (<.0001) (<.0001) (<.0001)
Substrate -.29 -.31 .17
type (.0004) (.0002) (.04)
Moss -.13 -.07 .17
cover (.12) (.39) (.04)
Mineral .36 .33 -.19
cover (<.0001) (.0001) (.02)
Organic -.26 -.28 .09
cover (.002) (.0007) (.30)
Cobble .21 .21 -.11
cover (.01) (.01) (.18)
Gravel .16 .14 .01
cover (.05) (.09) (.92)
Fines -.24 -.24 .12
cover (.003) (.004) (.16)
Species -.24 -.21 .14
richness (.004) (.01) (.10)
Total -.22 -.21 .15
cover (.008) (.01) (.07)46
The understory and canopy community ordinations were
correlated with a number of environmental variables (table
11), especially elevation and stream order.Both ordination
methods gave similar results.The first understory axes
(both Bray-Curtis and NMMDS methods) and canopy axis were
significantly different (95% Bonferroni contrasts) between
the areas, the difference contrasting the larger river areas
(Clackamas and Oak Grove Fork), with their lower elevation
and probably less maritime climate, to the higher elevation
areas to the west and north.The canopy types, generated by
cluster analysis, were significantly different for elevation
and stream order (P<.0001, Kruskall-Wallis one-way analysis
by ranks) but not for the other variables, suggesting that
both the ordination and the cluster analysis for canopy
species gave similar results.
Substrate type analyses.Percent by volume and
frequency of occurrence were calculated for substrate
components (table 12), using only plots with Corydalis
aquae-gelidae for component volume samples.Component
frequencies did not vary significantly between plots with
and without Corydalis for GX (chi-square test, P=.65) or for
LX (P=.18) so these sets of samples were combined.GX
substrates represented mostly streambed deposits that have
been buried by siltation or organic matter.LX substrates
represented forest soils with litter layers, or deposits Of
silt and clay within the stream bed, perhaps in marsh or
swamp areas.Corydalis presence was strongly related to47
substrate type (Chi-square test, P<.0001, n=150), because a
large proportion of plots without Corydalis were on forest
soils farther up the bank.Corydalis frequencies for GS, GX
and LX were 0.88, 0.87 and 0.36 respectively.
Table 12.Substrate type characteristics.Components
were measured volumetrically in a subset of samples.The
occurrence of components in all 150 samples was also
recorded.GS substrates consisted of only gravel and sand,
by definition.
Component volumes by percent (40 intensive samples)
GS (gravel and coarse sand) n=17
gravel mean 75%, sd 12
sand mean 25%, sd 12
GX (gravel and sand dominant, with other materials) n=17
gravel mean 57%, sd 18
fines mean 32%, sd 17
>2mm organics mean 11%, sd 10
LX (soil or mud dominant, with other materials) n=6
gravel mean 19%, sd 21
fines mean 72%, sd 19
>2mm organics mean 8%, sd 7
Component frequencies (in all GX and LX plots)
GX (n=40)
gravel 0.98 sand 0.65 soil 0.13mud 0.58
debris 0.30litter 0.30roots 0.45peat 0.08
LX (n=36)
gravel 0.36 sand 0.19 soil 0.64mud 0.58
debris 0.22litter 0.42roots 0.67peat 0.03
Response to microsite niche variables.29 of 44
comparisons between the environmental variables and
Corydalis aquae-gelidae abundance indices were statistically
significant at alpha=.05, i.e., there was some pattern that
was unlikely to be solely a random effect.Relationships48
that were curvilinear, but not monotonic, were significant
according to quadratic regression, but not according to rank
monotonic correlation; the latter method was inappropriate
for these relations.Statistically significant results,
Table 13.Response of Corydalis aquae-gelidae to
environmental variables.The biological significance index
measured the heights of the curves in figures 4-29 over
their lowest points.R2 and Pqwas for quadratic
regressions; rs and Ps was for Spearman rank correlations,
n=150.Substrate types were ranked:1=GS, gravel and
coarse sand, 2=GX, gravel and sand dominant, with other
materials, 3=LX, soil or mud dominant.
Results for the reproduction index
Biological
significance
index R2 Pq rs Ps
NMMDS understory axis2.1 .14<.0001 .18 .03
Water cover 2.0 .15<.0001 .02 .83
Vertical distance 1.9 .11 .0002 -.09 .25
Mineral cover 1.8 .07 .004 .08 .35
Gravel cover 1.8 .09 .001 .25 .002
B-C understory axis 1.8 .09 .0008 .16 .06
Horizontal distance 1.6 .07 .007 -.10 .22
Moss cover 1.6 .11 .0002 .34<.0001
Organic cover 1.6 .13<.0001 -.29 .0003
Substrate type 1.6 .11 .0001 -.34<.0001
Fines cover 1.4 .10 .0005 -.25 .002
Important species 1.2 .04 .04 -.20 .02
Cobble cover 1.0 .07 .006 .26 .00149
Results for the biomass index
Biological
significance
index R2 Pq rs Ps
B-C understory axis 3.9 .15<.0001 .31 .0002
Vertical distance 3.7 .19<.0001 -.14 .10
NMMDS understory axis3.6 .22<.0001 .34<.0001
Substrate type 3.5 .27<.0001 -.47<.0001
Organic cover 3.1 .17<.0001 -.35<.0001
Important species 3.1 .05 .02 -.19 .02
Cobble cover 2.9 .16<.0001 .38<.0001
Horizontal distance 2.8 .10 .0004 -.12 .14
Fines cover 2.8 .24<.0001 -.35<.0001
Water cover 2.6 .12 .0001 .10 .22
Gravel cover 2.6 .18<.0001 .29 .0005
Mineral cover 2.4 .13<.0001 .14 .08
Moss cover 2.1 .10 .0005 .30 .0002
Canopy axis 1.4 .03 .09 -.18 .03
along with the biological significance indices, were sorted
in decreasing biological significance (table 13).Those
environmental variables with the greatest biological
significance indices had the most meaningful relation to
Corydalis abundance.The similarity of the results for both
the biomass and reproduction indices (see figures 4-29) also
suggests that the relationships were real, rather than
simply random patterns.Many of the data points coincide,
so that each point in figures 4-29 represents one to several
samples.50
Non-significant variables (P>.05 for both tests and
both abundance indices) included stones cover, height of
canopy bottom, canopy cover, the number of dominant, sparse
and trace species, species richness and total species cover.
The canopy ordination axis was not significant for the
reproduction index.These variables were not considered
further, except for canopy cover.Abundance indices
differed significantly above and below 20% canopy cover,
with P=.02 (rank sum test) for both indices.High abundance
indices did not occur below 20% canopy cover (figures 22 and
23) .
Some environmental variables were categorical, and
therefore summarized by medians rather than by the graphical
method.Substrate types were increasingly unfavorable (see
table 13), with reproduction index medians of 1.6, 1.0, and
0 and biomass index medians of 3.5, 3.1 and 0 for GS, GX and
LX types respectively.The number of important species also
significantly varied with the Corydalis abundance indices
(see table 13), with medians decreasing as 1.2, 1.1, 0.2,
and 0 for the reproduction index and as 3.3, 3.1, 0.2 and
2.8 for the biomass index, as the number of important
species increased from zero to three.The last value, a
biomass index of 2.8 for three important species, may not be
representative, because there were only seven samples with
this many species.Canopy types, based on cluster analysis
of species presence, did not have significantly different
Corydalis abundances.51
The substrate cover variables and substrate type were
correlated with Corydalis aquae-gelidae abundance partially
because they were correlated with the water position
variables, but all except gravel cover also had an
independent effect.Spearman rank correlations between the
substrate variables, water position variables, and the
abundance indices were calculated, using only the 92 samples
which were within the optimal water position range of
Corydalis, i.e., within 100 cm horizontal distance and
between -5 and 20 cm vertical distance to the water.None
of the substrate variables were significantly correlated
with the water position variables within the optimal range
of distance to water (range for P values .07 to .98), yet
most remained correlated with the Corydalis abundance
indices (Table 14).The exceptions were mineral and gravel
cover.Mineral cover showed a significant quadratic
regression relationship (R2=.07, P=.04), for both abundance
indices.Gravel cover did not show a significant quadratic
regression relationship.
Because moss and mineral cover were still correlated
with water cover percent in the analysis above (the others
were not), rank correlations between these two variables and
the abundance indices were calculated for the 36 samples
with water cover greater than 40%.There was no longer any
significant correlation with any of the water position
variables.Moss cover continued to have a significant rank
correlation with the reproduction index (rs=.41, P=.01) and52
the biomass index (rs=.53, P=.002).Mineral cover had a
significant quadratic regression relationship (R2=.22,
P=.02, for reproduction, R2=.26, P=.01, for biomass).
Table 14.Response of Corydalis aquae-gelidae to
environmental variables where water position was optimal.
Spearman rank correlations were calculated, using the 92
samples between -5 and 20 cm vertical distance to water and
<100 cm horizontal distance.
Reproduction index Biomassindex
rs P rs P
Moss cover .31 .003 .25 .02
No. of important
species
-.29 .006 -.14 .20
Fines cover -.28 .009 -.29 .005
Organic cover -.26 .01 -.31 .003
Substrate type -.25 .02 -.40 .0001
Cobble cover .24 .02 .30 .004
Mineral cover -.02 .87 .03 .80
Gravel cover .02 .83 .04 .72
The original data from plots with no Corydalis aquae-
gelidae were compared to the graphical models, to test if
the absence of Corydalis could be explained in these
individual plots.If the biomass index predicted by a
smoothed line in figures 4-29 was less than two, the
environmental factor was considered an adequate explanation
for the absence of Corydalis from the particular plot.The
absence of Corydalis was explained in 37 of the 39 samples,53
using this criterion.If a predicted biomass index of 1.5
was required to explain the absence, the number of empty
plots with an explanation decreased to 30.The explanations
for the absence of Corydalis varied among plots.Wet plots
(close to the water, with high water cover), were either too
deep in the water, too scoured (bare cobble and gravel,
little or no moss), or with a dense, fine-textured
substrate, perhaps with a high organic content (marshy or
boggy areas).Drier plots were either too far from the
water, or with only bare, scoured cobble and gravel, or in
forest-floor habitats, i.e., with fine-textured soil, a
litter layer, and abundant competing herbs.An otherwise
favorable plot, on the upper Clackamas River, was in an area
of little canopy except dense, young Alnus rubra; this site
had relatively recent, severe flood damage.54
Figure 4.Relation of tie vertical distance from water
to the reproduction index.R4=.11, P=.0002, quadratic
regression.The line is from a smoothing procedure.Each
point in figures 4-29 represents one to several samples.
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Figure 5.Relation of the vertical distance from water
to the biomass index.R2=.19, P<.0001, quadratic
regression.The line is from a smoothing procedure.
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Figure 6. Relation of the horizontal distance from
water to the reproduction index.R4=.07, P=.007, quadratic
regression.The line is from a smoothing procedure.
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Figure 7.Relation of thhorizontal distance from
water to the biomass index.R'=.10, P=.0004, quadratic
regression.The line is from a smoothing procedure.
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FiguKe 8.Relation of water cover to the reproduction
index.R'=.15, P<.0001, quadratic regression.The line is
from a smoothing procedure.
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FiguKe 9.Relation of water cover to the biomass
index.R'=.12, P=.0001, quadratic regression.The line is
from a smoothing procedure.
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Figure 10.Relation of moss cover to the reproduction
index.R4=.11, P=.0002, quadratic regression.The line is
from a smoothing procedure.
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Figure 11.Relation of moss cover to the biomass
index.R4=.10, P=.0005, quadratic regression.The line is
from a smoothing procedure.
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Figure 12.Relation of mineral cover to the
reproduction index.R=.07, P=.004, quadratic regression.
The line is from a smoothing procedure.
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Figure 13.Relation of mineral cover to the biomass
index.R2=.13, P<.0001, quadratic regression.The line is
from a smoothing procedure.
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Figure 14.Relation of organic material cover to the
reproduction index.rs=-.29, P=.0003, Spearman rank
correlation.The line is from a smoothing procedure.
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Figure 15.Relation of organic material cover to the
biomass index.rs=-.35, P<.0001, Spearman rank correlation.
The line is from a smoothing procedure.
10 20 30 40 50 60 70 80 90 100
Organic cover (percent)Figure 16.Relation of cobble cover to the
reproduction index.rs=.26, P=.001, Spearman rank
correlation.The line is from a smoothing procedure.
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Figure 17.Relation of cobble cover to the biomass
index.rs=.38, P<.0001, Spearman rank correlation.The
line is from a smoothing procedure.
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60Figure 18.Relation of gravel cover to the
reproduction index.rs=.25, P=.002, Spearman rank
correlation.The line is from a smoothing procedure.
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Figure 19.Relation of gravel cover to the biomass
index.rs=.29, P=.0005, Spearman rank correlation.The
line is from a smoothing procedure.
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Figure 20.Relation of fines cover (sand, silt and
clay) to the reproduction index.r5 =-.25, P=.002, Spearman
rank correlation.The line is from a smoothing procedure.
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Figure 21.Relation of fines cover to the biomass
index.rs=-.35, P<.0001, Spearman rank correlation.The
line is from a smoothing procedure.
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reproduction index.Abundance indices differed
significantly for above and below 20% canopy cover, with
P=.02 (rank sum test).The line is from a smoothing
procedure.
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Figure 2 3.Relation of canopy cover to the biomass
index.Abundance indices differed significantly for above
and below 20% canopy cover, with P=.02 (rank sum test).The
line is from a smoothing procedure.
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Figure 24.Relation of the first Bray-Curtis
understorx community ordination axis to the reproduction
index.R4=.09, P=.0008, quadratic regression.The line is
from a smoothing procedure.
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Figure 25.Relation of the first Bray-Curtis
understory community ordination axis to the biomass index.
R2 =.15, P<.0001, quadratic regression.The line is from a
smoothing procedure.
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Figure 26.Relation of the first NMMDS understory
community ordination axis to the reproduction index.
R4=.14, P<.0001, quadratic regression.The line is from a
smoothing procedure.
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Figure 27. Relation of the first NMMDS undeKstory
community ordination axis to the biomass index.R4=.22,
P<.0001, quadratic regression.The line is from a smoothing
procedure.
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rs=-.003, P=.97, Spearman rank correlation.The line is
from a smoothing procedure.
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Figure 29.Relation of the first NMMDS canopy
community ordination axis to the biomass index.rs=-.18,
P=.03, Spearman rank correlation.The line is from a
smoothing procedure.
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Figure 30.Relation of the vertical distance from
water to the reproduction index, separating samples by
substrate type.GS = gravel and coarse sand, GX = gravel
and sand dominant, with other materials, LX = soil or mud
dominant.The line is from a smoothing procedure.
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Figure 31.Relation of the vertical distance from
water to the biomass index, separating samples by substrate
type.GS = gravel and coarse sand, GX = gravel and sand
dominant, with other materials, LX = soil or mud dominant.
The line is from a smoothing procedure.
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I.Discussion.
Mechanisms for correlations.Directly operational
factors (resource supply rates and conditions, ideally
integrated over a long period) could not be measured in this
study.Indirect, integrating indicators were used instead
(e.g. canopy cover for light supply).This section attempts
to explain the response of Corydalis aquae-gelidae to
measured variables in terms of directly operational factors,
i.e., to suggest mechanisms for the relationships in figures
4-31.
Establishment requirements for seedlings are often
narrower than requirements for adult growth, and Corydalis
aquae-gelidae showed this pattern.Seedlings were observed
in the most favorable sections within the 1-m2 plots, and a
few plots with unfavorable water supply or substrate
conditions had reproductive adults, but no seedlings.
Seedlings occurred mostly in moist, often saturated moss or
gravelly sand, in areas with some protection from the sun.
Seedlings were very rare in drier areas of the plots, and in
areas with dense herbaceous cover.Adults persisted in
areas where seedlings rarely established, probably
indicating that microsite conditions have changed since
their establishment.
Corydalis aquae-gelidae grew in a rather narrow band
along the streams.Vertical position was more strongly
correlated than horizontal position with soil water status.
Some plants in intermittent stream sections (4 plots) were69
growing in moist sand; no water could be found, so their
position relative to water could not be determined.
Upstream skid trails may have caused one of the streams to
become partially intermittent.Seedling numbers were
relatively low in the intermittent sections.
The response to the water position variables (vertical
and horizontal distance to water, water cover percent,
figures 4-9) can be explained, on the drier end, by drought
and lack of disturbance.An outlier plot, shown in figures
4-7, was well above the other plots with a similar Corydalis
abundance.This plot occurred in a partially abandoned
braid channel on the Oak Grove Fork; log jams indicated that
the water level had been much higher years ago.Seedlings,
sampled on July 11, 1990, were missing when the plot was
revisited on August 8, apparently drought-killed; the dried
shoot of one was still visible.Corydalis aquae-gelidae
seedlings had small root systems, with few fine roots.The
adults probably established when the water was higher, and
survive due to their deep taproots.Competition may also be
instrumental, perhaps by increasing drought; seedlings were
generally found with few plants of other species.There was
also less growth and seed production in adults farther from
the water; water supply was less, and competing herbs and
shrubs were more abundant.Yearly inundation may have
reduced the abundance of competing species in typical
Corydalis aquae-gelidae habitat.Shifting water levels and70
wet substrates provided the open microsites apparently
required by the seedlings.
Deep water limited Corydalis in the other direction.
The seedlings were only a few centimeters tall, and rarely
if ever survived growing completely submerged.A few adults
in the Oak Grove Fork and in adjacent Stone Creek were in
swift water deeper than 20 cm, growing horizontally,
underwater, and poorly.Substrate instability may also have
been a problem in deeper water.
Moss cover (figures 10 and 11) was indicative of two
gradients.One gradient was water position; moss cover was
often greatest at the same position as preferred by
Corydalis aquae-gelidae.Along the stream, low moss cover
was indicative of a higher degree of scouring and lower
canopy cover; these habitats were difficult for Corydalis.
Extreme high moss cover was indicative of stable, moist
habitats, often with high species richness or finer
substrates.Establishment opportunities for Corydalis
seedlings were apparently restricted.Habitats with fairly
high moss cover were generally preferable for establishment,
because they are moist, cool, usually shaded, mildly
disturbed, and without much litter buildup or strong
herbaceous growth.The moss was probably an indicator of
habitat favorability, rather than being directly
operational, and supplied poor predictive power.
High organic cover was particularly detrimental to
Corydalis aquae-gelidae (figures 14 and 15).This was71
partly due to correlation with water position.High organic
cover substrates, when wet, may have been detrimental due to
low root aeration, low pH, and various chemical factors
resulting from decomposer activity at low oxygen
concentrations.
Mineral cover, when high, indicated low moss cover, and
overly high moss and/or organic cover when low.The same
mechanisms therefore apply as discussed for moss and organic
cover.
Cobble cover affected mainly the biomass index (figures
16 and 17).High cobble cover was found on stable bars in
the larger streams.These bars were some of the best sites,
growing large, healthy plants in large groups.The
correlation was weak, however.
The effect of gravel cover (figures 18 and 19) was not
separable from the water position gradient; gravel cover did
not have an independent effect, i.e., along the stream (page
51).A substrate with little gravel cover, but mainly
cobble and coarse sand, rather than silt or clay, was
apparently as suitable as a substrate with high gravel cover
and coarse sand.
Fines cover (figures 20 and 21) was, again, partially
effective due to its correlation with water position.Along
the stream, fine-textured substrates were also poor
habitats.This pattern may have been due to poor air and
water flow through the substrate, or to chemical factors.72
In general, increasing fines cover correlated with
increasing silt and clay, and decreasing sand.
The typical substrate was greater than 50% gravel, with
coarse sand filling the interstices.Substrates with a fine
texture or high organic matter content were rarely occupied.
Exceptions occurred; some sample plots had water-borne
debris or mud deposits, but the plant was absent from marsh
or swamp areas, which were typified instead by large
Cyperaceae or skunk cabbage (Lysichitum americanum),
respectively.Some Corydalis also grew in moist, silty
bankside soil (particularly in shaded parts of high
elevation populations), or the dry gravelly soil of old,
relicted bars (particularly in braided sections of the large
rivers), but establishment was apparently rare to absent in
these habitats, and these plants may have dated from when
hydrology or substrate were different.Some seeps also had
a layer of peat and mud over the gravels but beneath the
moss; Corydalis abundance seemed somewhat poor on these
substrates.
The response to substrate type agreed with the results
for fines and organic cover.Substrates rich in organic
matter, silt or clay (GX and LX types) often occurred
farther from the water than was optimal for Corydalis aquae-
gelidae, but where they were well-watered, they were also
poor habitat.The bulk flow of water (as long as the
substrate is fairly wet), air, and solutes, through finer-
textured substrates is slower (Hillel 1982), reducing73
aeration and nutrient flux.Coarse mineral substrates would
allow faster water flow when near saturation, and faster air
flow when only moist.Total pore volume and therefore
diffusion increases with finer-textured soils (Hillel 1982).
Diffusion in the saturated soils would be negligible, since
02 diffusion through water is 104 times slower through water
than through air.Organic matter in the less optimal soils
would decrease their 02 concentration further, due to
decomposer activity.Anaerobic processes, both chemical and
biochemical, can produce substances toxic to plants, e.g.,
ferrous sulfide, ethylene, and acetic, butyric, and phenolic
acids (Hillel 1982), as well as lower the pH, possibly
allowing metal toxicity.Substrates rich in clays and fine
organic matter have a higher capacity to hold various,
possibly detrimental, substances.Greater water flow
through coarser substrates would leach out these substances.
Canopy cover was very often high (median 85%, excluding
clearcut sites).Corydalis responded to canopy cover
minimally (figures 22 and 23), primarily where cover was
less than 20%, in clearcuts and on certain gravel bars on
the larger rivers.Plants in clearcuts with no protection
experienced severe solarization, i.e., small, thickened,
upward cupped, yellowed and browned leaflets (personal
observation).The few seedlings in clearcuts also were
damaged (page 141), and mostly under some shade.Large,
healthy plants on open gravel bars were not solarized, but
seedling establishment was rare.Few plants, of any74
species, were found under dense shrub thickets or the
interlocking crowns of young conifers.Biomass appeared to
be lower in the most shaded sites, but this pattern was not
shown in the data.Corydalis aquae-gelidae seemed most
successful wherever high, partial canopies allowed fairly
plentiful light, yet checked the growth of competing
species.Microsites along the main rivers with large Thuja
plicata to the south, and fairly open sky to the north,
seemed especially favorable.
Corydalis aquae-gelidae abundance correlated with some
of the community ordination axes (figures 24-29).The
species composition of the plant community probably
indicated environmental conditions, since the axes were
correlated with environmental variables.Alternatively,
species composition may have been the outcome of species
interactions only, with the outcome not determined by the
abiotic environment.The ordination axes provided no
information about operational environmental factors, and
therefore it was more instructive to look at direct
environmental measurements for mechanistic explanations.
Species in table 10 that were positively or negatively
correlated with the understory axes indicated declining
conditions for Corydalis, as they had a greater sociological
favorability index where Corydalis abundance indices were
declining in figures 24-27.Species in table 10 that were
positively correlated with the canopy axes (figures 26 and
27) indicated declining conditions for the biomass index.75
Problems with the analysis.The measured environmental
variables leave ambiguities as to causative factors.In
addition, field experiments would produce stronger evidence
for causative factors.The measurements were relevant to
predicting where Corydalis aquae-gelidae will be successful,
however.Unoccupied microsites or stream reaches can be
compared to the graphical models to predict the abundance of
Corydalis, if it were to be introduced or naturally
dispersed.The effect of natural or human induced changes
in these environmental variables may also be predicted.
Analysis of this type of data could be refined.
Obviously, regression based on equation fitting was
inadequate, although the polynomial regressions did provide
useful, if biased, statistics.The graphical models, based
on smoothing procedures, were useful, but statistical
significance and correlation coefficients were not
generated.The rank correlation coefficients provided these
two statistics, but are restricted to monotonic
relationships; few of the relationships in this study were
monotonic.A smoothing procedure using the original x
values, perhaps using medians based on a moving window in x,
instead of only the ordered series of y values, would
probably give a more accurate and realistic smoothed line.
It would be preferable to build a model with the useful
qualities of multiple regression.Multiple regression shows
the decrease in pure error and increase in R2 when a number
of predictors are used simultaneously.The high residual76
variance shown in figures 4-29 was expected, because the
predictors were used separately.Multiple regression also
allows prediction of a microsite's suitability using all
measured factors and interactions.Interactions are
important, because multiple stresses or multiple limiting
factors, acting together, should suppress plant abundance to
a greater degree than a single limiting factor acting alone
(Chapin et al. 1987).There was an increase in predictive
power when two factors were taken into account (figures 30
and 31).Within the optimal vertical distance to water,
plots with the gravel and coarse sand (GS) substrate type
had the highest Corydalis abundance, substrates with soil or
mud dominant (LX), the least.
Use of boundary line analysis (Webb 1972) may be more
biologically meaningful than an average, as used in
regressions or smoothing.The boundary line encompasses all
or the majority of the data on a two-axis graph.For the
niche analysis graphs, the upper boundary line of the data
points represents the maximum potential abundance of
Corydalis aquae-gelidae at the given value of an
environmental variable.Data points lower than this
boundary line would be due to sub-optimal conditions of
other variables.According to Webb (1972), the sources of
deviation from the boundary line include measurement error
(probably random and normally distributed), and variability
in the plant material, due to genetic differences or due to
lack of resources and poor conditions.77
A general method was given in Webb (1972) to determine
a boundary line.A series of intervals on the x axis is
defined, then the maximum y value for each interval is
chosen.Using these maximum data points, a regression line
is calculated.
The boundary line approach was not used, but would have
worked for some of this study's data, e.g., figures 4-8.
Other relationships (e.g., figures 10-13) would no longer be
significant, i.e., the boundary line would not be
distinguished from a horizontal line.The frequency of
plots without Corydalis (abundance indices = 0) at different
levels of the environmental variables was an important
factor in this data, and accounted for the statistical and
biological significance of many of the relationships.The
boundary line approach would not take the frequencies of
these empty plots into account.78
III.Phenology.
Introduction.Phenology is the study of the seasonal
progression of growth, e.g., emergence, flowering, fruiting
and senescence, and the relation of these phenophases to the
environment.Phenology often provides examples of the
remarkable fit of an organism to its environment brought
about by evolution, and may limit species' distribution and
abundance.For example, tree ecotypes from warmer regions,
transplanted to higher latitudes, may begin growth too late
and not enter winter dormancy before frost damage occurs
(Larcher 1980).Cool-region tree ecotypes, in lower
latitudes, may begin growth too early and be subject to
frost damage, and become dormant too early, underutilizing
the available growing season.
Methods.General phenological observations were made
during the 1990 and 1991 field seasons throughout the Mt.
Hood National Forest.In addition, flowering phenology was
recorded in the 1-m2 plots used for the niche analysis (page
14).Phenological variables included the percentage of
unopened flowers, open flowers and fruits, and presence or
absence of dehiscent fruits.Using these percentages,
phenophases were defined as:
A.No dehiscent fruits.
1.Unopen flowers predominant.
2.Open flowers or fruits predominant.
B.Dehiscent fruits present.
3.Unopen or open flowers predominant.79
4.Fruits predominant, unopen flowers present.
5.Fruits predominant, unopen flowers absent.
6.All fruits dehiscent.
The phenophases were to be related to date, and to the
environmental variables on pages 15-17.Date was recorded
as days after June 21.Data from 1990 and 1991 were
combined.
A smoothing procedure was used to relate phenophase to
date.Samples were sorted according to date, and the
resulting vector of phenophases was smoothed, first through
a 3-term running median to minimize the effect of outliers,
then through a 31-term moving average.Residuals were
calculated as the sample phenophase value minus the smoothed
value, which was the predicted phenophase based on the date.
Positive residuals therefore indicated that the plant was
more developed than average for the given date.
Results.
Emergence.By May 21, 1990, on the Oak Grove Fork,
only a few Corydalis aquae-gelidae plants, in a single
microsite, had emerged.Plants were well developed
throughout the study area by June 29, when field work began.
Corydalis had not emerged on the Oak Grove Fork April 1,
1991, but many associated species were already growing
(including Petasites frigidus, Stachys cooleyae, Glyceria
elata and Mimulus guttatus).Corydalis emerged relatively
late, about the same time or a little later than associated
deciduous shrubs and trees.By June 1, 1991, Corydalis and80
its seedlings were emerging on the Oak Grove Fork, the
Clackamas River, and at the high elevation Whale Creek site
(1100 m).The plants were in about the same range of
phenological states throughout the elevational range.
Plants in colder microsites (deeper water, shade) along a
given stream were in an earlier state, while plants growing
above the water level were most fully expanded.Plants
growing outside at low elevation (in Corvallis, Oregon) in
pots of saturated sand emerged about April 1.
In the monitoring plot used for the growth model data
(see page 98), seedlings emerged before and during the
period of June 1 to July 8, 1991, but not after.Seedlings
generally emerged in the early season, but a very few
seedlings emerged on the Oak Grove Fork on August 24.
Reproductive phenology.Flowering had begun in early
June, before sampling.The median dates for the phenophases
(table 15) were significantly different (analysis by ranks,
P<.0001, n=101).
Spearman rank correlations between the residuals from
the relation in figure 32 and the environmental variables
from the niche analysis were calculated; the relationships
were not compatible with linear regression techniques, as
the variance of the residuals would not be normal and
constant.Positive correlation showed that a variable
speeds the phenological progress, and vice versa for a
negative correlation.Only the water position variables
were significantly correlated with flowering phenology81
Table 15.Definitions and timing of flowering
phenophases.1990 and 1991 data were combined.Median
dates with the same subscript were not significantly
different at alpha=.05, rank sum tests.
Median date n
No dehiscent fruits.
1.Unopen flowers predominant.
2.Open flowers or fruits predominant.
Dehiscent fruits present.
3.Unopen or open flowers predominant.
4.Fruits predominant,
unopen flowers present.
5.Fruits predominant,
unopen flowers absent.
6.All fruits dehisced.
July lla
July 16a
28
26
Aug.lb 15
Aug. 20bc 5
Aug. 22c 9
Sept. 7d 18
residuals:rs=.22, P=.03 for horizontal distance to water,
rs=.24, P=.02 for vertical distance to water, and rs=-.25,
P=.01 for water cover percent.Substrate temperature was
correlated with water position (page 21); wetter, cooler
habitats slowed phenological progress.Neither elevation
(rs=.05, P=.62) nor canopy cover (rs=-.13, P=.18) were
significantly correlated with the phenology residuals.The
lack of correlation between phenological development and
canopy cover data may have been due to imprecise
measurements of canopy cover, as field observations
suggested that there was a correlation.82
Figure 32.Flowering phenology of Corydalis aquae-
gelidae.Data points and 31-term moving average.
Phenophases were defined as:A.No dehiscent fruits.
(1.Unopen flowers predominant.2.Open flowers or fruits
predominant).B.Dehiscent fruits present. (3.Unopen or
open flowers predominant. 4.Fruits predominant, unopen
flowers present. 5.Fruits predominant, unopen flowers
absent. 6.All fruits dehisced).
EEC 01:30
ED El CCU Elf3:11E3 EI:E)
JuneJuly
11111(11 IIIIIIIIII I Ul IIIII II II 11 1 11 11 11 1111111 II I II I
30 60
Days since June 21
August
111111111 II I II
September83
Senescence.Senescence began almost as soon as all
fruits dehisced (generally late August to mid-September).
Most species associated with Corydalis senesced later.
Campbell and Franklin (1979) recorded senescence in
September and October, except for Mimulus guttatus, which
senesced in July and August.The senescent phenophase (no.
6 in figure 32) began earlier for Corydalis in drier
microsites and in sites with less canopy cover, according to
observation.Corydalis aquae-gelidae in the low-elevation
(460 m) Tanner Creek site in the Columbia River Gorge had
already begun senescence August 2, 1991.
Discussion.The emergence, flowering and senescence of
Corydalis aquae-gelidae appeared to respond to temperature
rather than photoperiod.The lack of correlation between
elevation and phenological development (except in the case
of the Tanner Creek site) was probably because microsite
temperature differences were greater than elevational
temperature differences.Although temperature declined with
elevation (page 21), the ranges of observed temperatures at
low and high elevations were much greater than the
differences in medians (table 16).These analyses supported
the conclusion in the niche analysis that elevational limits
were determined by geomorphology and hydrology rather than
temperature.
The relatively short growing season of Corydalis aquae-
gelidae (among the last of the active channel herbs to
emerge and first to senesce for the year) suggested that it84
Table 16.Temperatures at low and high elevations.
Residuals from the regression on page 20 were used for air
temperature, to correct for date and time.The entire data
set ranged from 600 to 1250 m elevation.Temperatures were
degrees C.
Elevation
<700m >1100m
MedianRange nMedianRange
Water temperature11.7 9.5,14.1 24 7.3 5.2,13.8 15
Substrate
temperature
11.69.5,13.1 28 10.35.4,17.7 26
Air temperature
residuals
-0.9-4.0, 4.9 28 -2.6-6.3, 7.7 26
was best suited to habitats with lower temperatures and
shorter growing seasons.Corydalis would be unable to
utilize the long growing season of low elevations, and might
be overgrown by earlier-growing, more productive species.85
IV.Germination and growth in controlled environments.
Introduction.Field-collected Corydalis aquae-gelidae
seeds were used to determine germination requirements and
the response of seedlings to temperature and substrate water
level.These studies supplemented the niche analysis and
provided background for propagation of Corydalis and
restoration of wild populations.
Methods.Seeds were collected during July and August,
1990, by putting bags over inflorescences with mature
fruits; the fruits explosively dehisce when touched.The
seeds were dispersed (or collected) before the fruits and
seeds were air-dry.Collections were taken from the Oak
Grove Fork (August 24), from Stone Creek (August 7) and a
site near Squaw Mountain (August 19).These three
collections were kept moderately cool, dried indoors, then
stored refrigerated in plastic bags.
Seeds placed in water or wet sand, both inside a
refrigerator and at room temperature, failed to germinate in
the fall.A stratification requirement was hypothesized.
Seeds were treated at about 3°C, in petri dishes with moist
filter paper, beginning December 4, 1990.
After 90 days stratification, seeds were placed on a
temperature gradient bar (range of average temperatures 5.5
to 22°C) for 30 days.Fifty seeds were placed in moist sand
in each of 36 petri dishes.Three dishes were subjected to
complete darkness at intermediate temperatures, and the rest
to 15:20 hour photoperiods (the summer maximum for the seed86
source).Seeds in six dishes, one of which was in darkness,
were scarified.On the seventh day, treatments of 0.05% and
0.2% KNO3 and 10 and 100 ppm gibberellic acid (GA3) were
added.The temperature control system of the gradient bar
was turned off after 30 days without germination.The seeds
were left in darkness for an additional 28 days at 19°C.
The number of germinated seeds in each dish was recorded.
A second test was carried out after 169 days
stratification (about 5.5 months).9 dishes with 50 seeds
per dish were placed in water or 100 ppm GA3, and held at a
fluctuating temperature (9.4°C AM low, 15.1°C PM high) and
15:20 hour photoperiods for 19 days, after which germination
was recorded.
After 215 days (about 7 months) the remaining stored
seeds were germinating in the refrigerator at about 3°C.
These seeds had not germinated when last checked at 169
days.The germinated seeds were used in the seedling growth
studies.
Seeds were again collected July 26, 1991.They were
not allowed to air dry, but were immediately put into water
or 100 ppm GA3 solution.Two different GA3 treatments were
used.Seeds were soaked for 24 hours, then transferred to
water, for the first treatment.Seeds were kept in GA3 for
the second treatment.The seeds were kept at fluctuating
temperatures (4.3°C AM low, 10.1°C PM high) and 15:20 hour
photoperiods for 77 days, after which germination was
recorded.87
The response of Corydalis aquae-gelidae and Senecio
triangularis (a commonly associated species that also grows
in a variety of moist upland habitats) to substrate
temperature was tested.Seedlings were kept in moist to
saturated field-collected sand in petri dishes on a
temperature gradient bar.Each dish was given a small
amount of fertilizer (0.1 mg N, 0.01 mg P, 0.075 mg K,
0.00125 mg Fe, in NaFeEDTA).The gradient bar was kept in a
cabinet with fluorescent lighting at a 15:20 hour
photoperiod.Substrate surface temperature in each petri
dish was recorded with a small thermistor thermometer probe.
Air temperatures in the cabinet fluctuated with the light
regime; minimums were 15°C and maximums were 27°C.
The experiment was terminated after 58 days for Senecio
triangularis and 28 days for Corydalis aquae-gelidae.The
Corydalis seedlings were started later, and had to be
terminated due to conflicts with field studies.Seedlings
were washed of sand, and their dry weight was recorded.For
each dish, the total dry weight of all roots and all shoots
was also recorded, to check for changes in allocation.
Photosynthetic photon flux density (PPFD) was recorded at
the position of each dish using a LI-COR LI-185A quantum
light meter.The average PPFD was 94 microeinsteins m-2 s-1
(sd 12).
Corydalis aquae-gelidae seedlings were grown in
greenhouses, in 8 cm tall pots of field-collected sand.
Germinated seeds were planted July 7, and put in the88
greenhouses July 16.The plants were not fertilized.The
greenhouse windows were whitewashed; the seedlings were
subjected to bright but not full sun.Each pot was thinned
to 12 seedlings on July 25.The plants were harvested and
dry weights were measured October 11, after 96 growing days.
Two greenhouses were used, to vary the growing
temperatures.Five pots were placed in each greenhouse, two
under saturated conditions (standing in a bath of 8 cm
water), and three under moist conditions (standing in about
1 cm water).A total of four treatments resulted.
The mean daily high air temperature in the warm
greenhouse was 30°C (range 23 to 33°C), well above growing
season field air temperatures taken during the day (mean
18°C, range 9 to 30°C).The field air temperature high for
July 15 was predicted as 19°C (see microsite temperature
patterns, page 19).The cool greenhouse mean high was 27°C
(20 to 33°C).Average lows were 18°C (13 to 20°C) for the
warm greenhouse and 13°C (11 to 18°C) for the cool
greenhouse.
Results.
Germination.After 90 days stratification, only seeds
with 100 ppm GA3 germinated, and those only slowly and at a
low percentage:20% for Squaw Mountain seeds, 6% for Stone
Creek, and 7% for Oak Grove Fork.Analysis by ranks of the
number of germinated seeds per petri dish showed no
significant difference between the 100 ppm GA3 treatment and
the 100 ppm GA3 plus 0.2% KNO3 treatment (P=.58).89
Categorical analysis, where each seed was treated as a
sample unit, gave the same result (chi-square test, P=.58).
This second analysis method used a two-way contingency table
of treatment by germinated or not germinated.There were no
significant differences among the three populations
according to the rank sum test (P=.09); these differences
were significant using categorical analysis (P<.0001).The
latter method was more powerful, but was considered sub-
sampling within the petri dishes.
The test after 169 days stratification also showed
differential germination among seed sources and treatments
(table 17).There was no response to light (P=.43, rank sum
test, P=.42, categorical analysis).100 ppm GA3 increased
germination (P=.29, rank sum test, P<.0001, categorical
analysis).There were also significant differences among
seed sources (P=.046, P<.0001).
The effect of GA3 suggested that stratification was
incomplete at 169 days (about 5.5 months).The Squaw Creek
seeds had not germinated at 169 days, but had germinated at
215 days (about 7 months), supporting this conclusion.The
other two collections had low germination even at 215 days.
These seeds and their filter paper were heavily colonized by
fungi, and therefore discarded.
Germination in the Oak Grove Fork and Stone Creek
collections may have been reduced by heating and drying
before storage.Many seedlings grew in all collection
areas, indicating the presence of many viable seeds.90
Table 17.Percent germination of Corydalis aquae-
gelidae seeds.The number of seeds in each treatment is
given in parentheses.
Seed source
Squaw Mtn.Oak Grove Fk.Stone Ck.
169 days stratification
100 ppm GA3 75(100) 18(100) 1(100)
Water only 34 (50) 0 (50) 0 (50)
215 days stratification
Water only 73(1450) 2(1250) 1(1200)
Fresh seed collected in 1991 did not germinate, even if
tested before air-dry.As only one petri dish per treatment
was used, only categorical analysis was available.The two
GA3 treatments (averaging 62% germination) were not
significantly different (P=.30), but these treatments were
significantly different (P<.0001) from the water only
treatment (0% germination).Seed coats cracked and radicles
protruded on the germinated seeds, but they never fully
expanded, even after 77 days.They may have been
physiologically incapable or attacked by fungus; there were
some mycelia on the seeds.
Substrate temperature and seedling growth.Low
substrate temperatures inhibited the growth of Senecio
triangularis.Seedling dry weight was positively correlated
with substrate temperature (Spearman's rank correlation91
rs=.36, P=.0006, for both AM and PM temperatures, figure
33).Linear regression was not altogether appropriate,
because the variance increases with average seedling weight.
Only the two lowest temperatures produced consistent
stunting.Figure 33 shows a boundary line response (Webb
1972), where each temperature had some maximum potential
seedling weight, but very small seedlings occurred at all
temperatures.
Senecio triangularis seedling weight was not correlated
with PPFD (rs=.10, P=.32), but was correlated with the
percent allocation to roots (rs=.22, P=.04); roots were more
stunted than shoots in the coldest samples.Seedling weight
was correlated with density (rs=-.22, P=.04), perhaps only
because density decreased at higher temperatures (rs=-.73,
P=.03, n=10 petri dishes).At higher temperatures, more
seedlings may have been killed by fungus before emerging
from the substrate.There was probably little intraspecific
competition, because total biomass per dish increased with
seedling density (rs=.79, P=.02, n=10).
The substrate temperatures in the two obviously stunted
samples were 2.6 and 5.8°C for the AM low and 7.9 and 12.6°C
for the PM high.These substrate temperatures can occur in
the field.Growing season substrate temperatures, taken
during the day in Corydalis aquae - gelidae habitat, ranged
down to 5.4°C (mean 10.6, sd 2.3, high 18.9°C).Senecio
triangularis growing in Corydalis habitat may sometimes be
stunted due to cold, wet substrates.92
Figure 33.Dry weight of seedlings grown on a
temperature gradient bar.Corydalis seedlings were 28 days
old; Senecio seedlings were 58 days old.For Corydalis,
n=75, rs=-.11, P=.33, Spearman rank correlation.For
Seneco, n=90, rs=.36, P=.0006, Spearman rank correlation,
and r =.15, P=.0002, with seedling wt. = 0.007 + 0.001 AM
temperature.
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Corydalis aquae-gelidae seedling weight was not
affected by substrate temperatures (figure 33), perhaps due
to its shorter growing time (28 days, compared to 58 days
for Senecio triangularis).These seedlings did approach or
exceed the average weight for seedlings collected in the
field at the end of the season, after growing for perhaps 2
to 3.5 months (field mean 0.009 g, 95% CI 0.004 to 0.014,
n=5).The 75 experimental seedlings averaged 0.007 g (95%
CI 0.0067 to 0.0075).The experimental seedlings put on
relatively substantial growth, and any meaningful response
to temperature should have been detected.The lowest
temperature treatment (3.1°C AM low, 8.1°C PM high)
approximated the lowest substrate temperatures that might
occur in the field during the growing season.Growth of
Corydalis seedlings was probably not limited by low
substrate temperatures in the field.
Corydalis aquae-gelidae seedling weights were not
correlated with PPFD (rs=-.09, P=.44), density (rs=-.11,
P=.34) or with allocation to roots (rs=.04, P=.71).
Temperature, substrate saturation, and seedling growth.
The dry weight of Corydalis aquae-gelidae differed
significantly among greenhouse treatments (table 18).
Temperature had a significant effect (P<.0001, analysis by
ranks).Water level was significant in the cool greenhouse
(P=.02), but not in the warm greenhouse (P=.85).94
Table 18.Greenhouse study and field-collected
seedling weights.The mean seedling weights were within
0.001 g of the medians below.
Median (grams) Range n
Cool greenhouse
Saturated 0.028 0.010-0.043 24
Moist 0.023 0.009-0.038 29
Warm greenhouse 0.0125 0.003-0.018 30
Field-collected 0.008 0.005-0.015 5
Seedling weight increased with density, (rs=.47,
P<.0001), suggesting that poor conditions affect both weight
and mortality in the same direction.Mortality was highest
under the warm, moist treatment (0 to 5 survivors, compared
to 7 to 12 survivors elsewhere).Poor survival may have
been due to poor water supply under conditions of high
demand.All survivors grew well, however, equaling or
exceeding the field collected seedlings with an
approximately equal growing period (table 18).A few of the
largest plants in the cool greenhouse added a true leaf;
this seldom happened in the wild.
Nearly optimal conditions apparently occurred in the
cool greenhouse when the substrate was saturated, despite
temperatures that were well above those in the field;
seedling growth in the greenhouse was comparable to that in
the field.The water baths provided a microclimate cooler
than the air temperatures stated in the methods.95
Discussion.Some general prescriptions arose for
growing Corydalis aquae-gelidae in cultivation.Seeds could
be germinated by stratification for 6 to 7 months at 3°C;
they germinated in storage.Sterile conditions would be
preferable, because the seeds were susceptible to fungi.
Filter paper should not have been used, as it supported
fungal growth.
Seedlings grew well in saturated sand, without
fertilization.Cool, shaded conditions should be preferred;
direct sun may increase mortality and decrease growth.The
plants were not as sensitive as their name might suggest
(aquae-gelidae means cold water).Daily high air
temperatures in the 17 to 27°C range should be ideal, as
long as substrates are saturated; these conditions produced
excellent growth in the greenhouse.The temperature of the
saturated substrates will not reach the air temperature
high, and the plants' microclimate will be cooler.
The requirement for 6 or 7 months stratification was
not surprising, given the phenology of the species.
Corydalis aquae-gelidae shed its seeds in late July to mid-
September.Emergence of seedlings was in late May, into
June, i.e., about 7 to 10 months after dispersal.Without
this stratification requirement, and with its ability to
germinate at low temperatures, seeds might have germinated
in fall or winter, and have been subjected to high stream
flows at a young age.96
The comparative study of Senecio triangularis and
Corydalis aquae-gelidae suggested that growth of species
associated with Corydalis may be slowed in the cool, wet
habitats Corydalis typically occupies.Cold substrates
apparently did not slow Corydalis growth.This effect might
lessen the competitive advantage of normally faster-growing
species.In many shaded habitats with shallow water flowing
over coarse, mineral substrates, Corydalis was the only
species with substantial biomass.
Corydalis aquae-gelidae seldom, if ever, met its
tolerance limit for high temperatures in the field.Other
factors probably limit its lower elevational range.Growth
and survivorship were depressed in the warmer greenhouse,
however.Profuse growth of competitors over a longer season
may exclude Corydalis from warmer sites, i.e., sites at low
elevation or with little canopy cover.
The greenhouse study also suggested that Corydalis
aquae-gelidae was sensitive to low water supply in warm
environments.The moist treatment had greater mortality in
the warm greenhouse, and less growth in the cool greenhouse,
even though the substrate was usually moist to the surface.
Similar conditions may have occurred in clearcuts and on
open gravel bars in the larger rivers, habitats with few
seedlings.97
V.Allocation and Growth Model
A.Introduction.Patterns of resource (photosynthate,
mineral nutrients) allocation to various plant structures or
to plant functions (resource uptake, storage, reproduction,
defense) are thought to vary with the environment and with
growth form and strategy.Growth forms include annual,
biennial, herbaceous perennial, etc.Strategies include the
concept of r,K selection (MacArthur and Wilson 1967, Pianka
1970) and Grime's (1979) system of competitive, ruderal, and
stress-tolerant strategies.Growth forms are related to
these strategies, e.g., annuals are considered more r-
selected or ruderal than perennials.Allocation to
belowground structures is often expressed as the root/shoot
ratio.Rhizomes are often included with the root, as in
this study, for a belowground/aboveground biomass ratio.
Reproductive allocation (RA) can be defined as "the
proportion of the available resource input that is allocated
to reproduction over a defined period of time" (Begon et al.
1986, page 504), and often calculated by dividing the dry
weight of reproductive parts produced during a year by the
total dry weight (Silvertown 1987).
Allocation can vary due to plastic growth responses
(Hickman 1975, Hirose 1987, Lovett Doust 1980b).In
general, with increasing resource limitation, allocation
will increase for structures that collect the resource,
e.g., roots with nutrient limitation (Hunt 1988).Responses
to other types of stress, such as salinity, waterlogging or98
excessive insolation, may be different.Changes in
reproductive allocation with the environment may be
insignificant despite large differences in plant size, or
may either increase or decrease in poor environments
(Silvertown 1987, Hickman 1975).Allocation plasticity may
increase the range of conditions in which a plant may grow
(Hirose 1987).
Species of different environments are apt to show
different allocation patterns.Extrapolating from the
patterns due to plastic growth, plants of drier or nutrient-
poor habitats should allocate more to roots, while plants of
shaded environments should favor shoots or leaves.Cross-
environment comparisons are best made within a particular
growth form, however.Tilman (1988) predicts that higher
root allocation should result in slower maximal growth rate,
due to the lower proportion of photosynthetic tissue.
Grime (1979) predicts that competitors will have
relatively high allocation to resource-capture surfaces,
i.e., leaves and roots, providing reinvestment of captured
resources.Stress tolerators would allocate relatively more
to storage and physical and chemical defense.Ruderals, and
annuals especially,would have the highest reproductive
allocation.
This study defined the biomass allocation patterns and
modeled the growth of Corydalis aquae-gelidae.Allocation
patterns were compared with theory and data for other
species, to determine if they were typical for species with99
a similar growth form and habitat.Allocation and growth
rate were used for inferences about the adaptive patterns of
Corydalis.
B.Methods.Near the end of the growing season
(September 5, 1990), 25 plants were marked in a monitoring
plot by placing a nail and numbered tag at a recorded
distance and direction from their base.The sample included
five adults, one non-reproductive adult, nine juveniles
(stemless), and ten seedlings (cotyledons present).All
were within a 7x2 m strip on a gravel bar between the main
stem and a side channel of Rhododendron Creek, near the
upper Clackamas River.The number of leaves, the total
length of the leaf blades, plant height, and the number of
fruiting pedicels were recorded for each plant (the last two
variables only for reproductive adults).
On September 10, 1991, these plants were relocated and
remeasured.The plants had finished fruiting (fruits were
dehisced), yet had not begun senescence.The tops were
removed and separated into stems, leaves (including
petioles), and raceme axes (pedicels and peduncles), and
oven-dried.Three adults (two with roots), six juveniles
with roots and five seedlings with roots were collected from
a side channel of the Clackamas River nearby.Large
juvenile and adult Corydalis aquae-gelidae have upright,
perennial, belowground stems (page 4); these stems were
included in the "root" portion.100
During July, 1991, thirty flowers were collected at
Rhododendron Creek from various plants, and dried and
weighed after the pistils were removed.Nine fruits and
twenty-five seeds were also collected at a later date.The
number of seeds per fruit was recorded for 122 fruits at
Rhododendron Creek and the Clackamas River.
For each reproductive adult, total flower weight was
estimated as the number of pedicels multiplied by mean
sampled flower weight, and likewise for fruits and seeds.
An allometric regression of root weight on total estimated
shoot weight was used to estimate root weight on plants
whose roots were not sampled.
A series of regressions was run to relate the
proportion of each plant part to the total weight, to
develop a graphical model of plant allocation as it varies
with weight.Scatter diagrams and residual analyses were
used to determine appropriate transformations and the order
of the regression equations.To construct a growth model,
the total weight of each plant in the monitoring sample was
estimated using its total blade lengths for both year one
and year two and the regression equations below.
The relative growth rate (RGR) was calculated using the
equation (Hunt 1989):
RGR = (ln W2 - In W1)/1 yr. (1)
where W is dry weight, in year one and two.The
instantaneous form of the RGR is 1/W(dW/dt).A regression
was run to relate RGR to the natural logarithm of year one101
weight.This regression equation was used in an iterative
exponential growth model:
Wt +i = Wt exp (a + b in Wt) (2)
The observed mean seedling weight was used for W1.This
model is derived from the general model for exponential
growth (Hunt 1989):
Wt+1 = Wt exp (RGR) (3)
If RGR decreases enough with increasing plant weight, the
model yields a logistic curve.
C.Results.
Dimensional analysis.Reproductive structure dry
weights (table 19) were used to estimate the lost dry weight
from each pedicel on the plants collected at the end of the
season.
Table 19.Reproductive structure dry weights (grams).
Seeds were weighed in batches of five, hence variation
measures are not applicable.Total dry weight per pedicel
was 0.02051 g.
Mean SD Range n
Flower 0.0040 0.0006 0.003-0.0055 15
Fruit 0.0049 0.001 0.0035-0.006 15
Seed 0.0027 na na 25
Seeds per fruit 4.3 1.25 2-8 122
A series of regressions showed the relations between
various measures of plant size:102
ln(no. of pedicels) = 1.2 + 1.1 ln(no. of leaves)(4)
n=19P<.0001r2=.87
ln(no. of pedicels) = 2.8 + 0.81 ln(total (5)
shoot dry weight, g)
n=8 P=.0001r2=.94
adult height, cm = 41 + 15 ln(total (6)
shoot dry weight, g)
n=8 P<.0001r2=.96
ln(leaf no.) = 1.2 + 0.54 ln(total shoot (7)
weight, g) + 0.056( ln(total shoot weight, g))2
n=33P<.0001r2=.98
The variables used to measure adult abundance in the niche
analysis, adult height and leaf number, were correlated with
both reproductive output and with biomass.
The linear relationship between root weight and shoot
weight was:
ln(root wt., g) = 1.00 + 0.972 ln(shoot wt., g) (8)
n=12P<.0001r2=.99
The allometric constant is the slope of this regression line
(Hunt 1989).Because the estimated root weight for the
largest reproductive adult whose roots were sampled was far
from the observed value (20.53 g, vs. 15.91 g observed), a
quadratic model was fitted:
ln(root wt., g) = 1.09 + 0.868 ln(shoot wt., g) (9)
- 0.0226( ln(shoot wt., g))2
n=12P<.0001r2=.996103
Root growth apparently slowed down, relative to shoot
growth, after flowering in Corydalis aquae-gelidae, as found
for Lolium multiflorum (Hunt 1989).Equation 9 gave a much
more realistic estimate (e.g. 16.36 vs. 15.91 g observed)
for the reproductive plants, and was used to estimate root
weights where roots were not sampled.
Allocation.The following regressions were used to
build a graphical model (figure 34) of Corydalis aquae-
gelidae allocation patterns."Racemes" included only
peduncles and pedicels, the supporting structures.All
weights are in grams.
root wt./total wt. = 0.777 - 0.0175 ln(total
wt.) - 0.0175( ln(total wt.))2
(10)
n=37P<.0001r2=.91
stem wt./total wt. =0.125 - 0.0642 ln(total (11)
wt.) + 0.0130( ln(total wt.))2
n=8P=.0002r2=.97
leaf wt./total wt. =
(total wt.)
n=8P=.0038
0.0708 + 0.0378 In
r2=.78
(12)
raceme wt./total wt.
(total wt.)
n=8P=.14
= -0.000681 + 0.0021 In
r2=.32
(13)
flower wt./total wt.= 0.0176 - 0.000697 In (14)
(total wt.)
n=8P=.66 r2=.04104
fruit wt./total wt.
(total wt.)
n=8P=.66
= 0.0215
r2=.04
- 0.000854In (15)
seeds wt./total wt.= 0.0510- 0.00203In (16)
(total wt.)
n=8 P=.66 r2=.04
Equations 10 to 16 applied only to adults.Although the
regressions for the reproductive parts were not significant,
implying a constant reproductive allocation, these
regression equations were used in the allocation model
(figure 34 and table 20) so that the total allocation
proportions always added to about one, regardless of total
weight.The shoots of the seedlings and juveniles had
leaves, but no stems.Reproduction began at about 5 grams
total weight.Allocation to roots peaked in juveniles at
0.2 grams, which was about the fourth growing season,
according to the growth model.The size of seedlings at the
end of their first growing season averaged 0.009 g (n=5,
range 0.0045 to 0.0150).The largest plant sampled
completely was 23.9 g total wt., and the largest top sample
was 216.8 g total wt.; hence, the root allocation for the
larger plants was an extrapolation.
Allocation to roots was large but declined as plants
increased in size (figure 34).This allocation appeared to
be mainly to storage tissue rather than resource uptake;
fibrous roots were small compared to the thickened storage
roots.The root mass on Corydalis seedlings was also mainly105
Figure 34.Allocation to roots, shoots and
reproductive structures.Root allocation peaked at 0.2
grams total dry weight, at about the fourth year.Stems are
first produced at about 3 grams and flowers at about 5
grams.
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in the tuberous portion; fine roots were relatively
unimportant. Corydalis aquae-gelidae roots had a starch
grain concentration comparable to that of potatoes.Leaves
and stems increased at the expense of roots; stems increased
at a greater rate than leaves.Larger plants apparently
required more supporting structure; the stems were also
photosynthetic.Reproductive allocation changed little
(table 20).
Table 20.Proportional allocation of dry matter for
Corydalis aquae-gelidae at varying estimated total weights.
From equations 10 through16.
Seedlings JuvenilesReproductive Adults
Total Weight (g) 0.009 0.2 10 100 200
Roots 0.73 0.79 0.71 0.58 0.53
Shoots 0.27 0.21 0.29 0.42 0.47
Root/Shoot Ratio 2.70 3.76 2.40 1.36 1.11
Stems 0.046 0.102 0.138
Leaves 0.158 0.242 0.259
Raceme Axes 0.007 0.007 0.007
Flowers 0.016 0.014 0.014
Fruits 0.020 0.018 0.017
Seeds 0.046 0.042 0.040
Reproductive Total 0.089 0.081 0.078
Estimated Seeds Produced (no.) 170 1560 2960
Because the power of the regressions was small, the
conclusion of no biologically significant change in107
reproductive allocation with increasing total weight was not
warranted.Using the methods in Neter et al.(1989) and the
suggestions of Peterman (1990), a desired alpha of P=.05 and
power of 95%, and six degrees of freedom, the regression
slope detectable effect size (DES) and corresponding change
in proportion given a 200 gram change in total weight was
calculated.DES is a slope of 0.0055 for raceme axes,
0.0065 for flowers, 0.0080 for fruits, and 0.019 for seeds.
Corresponding changes in proportion are 0.03, 0.03, 0.04 and
0.10 respectively.The DES gave the minimum slope
difference from zero that could be detected with the given
data; with 95% confidence, no slope above the DES was
thought to occur.
Growth Model.The shoot weight in year one and two was
estimated from total leaf blade lengths by the regression:
ln(shoot wt., g) = -6.30 + 1.47 ln(total (17)
blade lengths)
n=21P<.0001 r2=.98
Using equation 9, shoot weights of monitoring plot plants
were transformed to total weight.Relative growth rates
were calculated for 24 plants; one seedling failed to
reappear the second year.The regression for relative
growth rate on year one weight was calculated (figure 35).
Two influential outliers with extremely negative RGR were
removed, a seedling and a small juvenile.RGR peaked in
juveniles, rather than seedlings.A 70% confidence interval
for the intercept was 0.618 to 0.891 and for the slope was108
Figure 35.Relation of the relative growth rate to the
total dry weight in the first sampling year.The two
outliers indicated were removed from the regression
RGR = 0.755 - 0.104 ln(year one weight, g), n=22, d=.29,
P=.009.
2.5
2
--,
I5..1.5
O)
a) 1
a)
'-
0.5
_c
2 0
a)
a)
-0.5
c
T)
cc -1
-1.5
-2
oo
& a
IN
o
a
Removed
Removed
r.
-5 -4 -3 -2 -1 0 1 2
In(year one dry weight (g))
4109
Figure 36.Growth model for juveniles and young
adults.Reproduction begins between 4 and 7 grams.The 5
lines represent models using the mean regression terms, 70%
confidence interval terms for the intercept, and 95%
confidence interval terms for the intercept, as parameters
for the relative growth rate regression equation.
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Figure 37.Growth model for adults.The largest plant
in the monitoring plot was 70 g; the largest plant weighed
was 217 g.The 5 lines represent models using the mean
regression terms, 70% confidence interval terms for the
intercept, and 95% confidence interval terms for the
intercept, as parameters for the relative growth rate
regression equation.
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-0.065 to -0.142.A 95% confidence interval for the
intercept and slope were 0.486 to 1.023 and -0.028 to
-0.179 respectively.
The iterative model given in the methods was
constructed, yielding a time course of dry weight gain
(figure 36 and 37).Confidence limits for the intercept
terms were used to show the possible variation in the growth
model.Using the confidence limits for the slope terms
rather than the intercept terms produced less variation than
in the graphs.The mean regression model did not reach an
asymptote with any realistic size; some of the largest
plants sampled grew substantially.Larger plants would have
to be sampled, in order to estimate some maximum size for
the species.
The weight of plants at critical growth stages was
estimated.A plant in the monitoring plot changed from
juvenile to non-reproductive adult between the sampled
years, with estimated total weight in year two being 2.64
grams, used as the size of first stem production.
To estimate the size at first reproduction, plants from
the niche analysis study were used to calculate the
proportion flowering at each leaf number (figure 38).Leaf
number was converted to weight using equation 19.Using
data points for leaf numbers of 4 to 14, the non-linear
regression in equation 20 was run.
ln(total wt., g) = -0.287 + 1.23 ln(leaf no.) (19)
n=11P<.0001r2=.94111
Figure 38.Flowering probabilities of Corydalis aquae-
gelidae.Based on a sample of 130 plants.Many adults had
more than 14 leaves; the observed maximum was 385.
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proportion flowering = 1 - 64.56 exp (-1.014 (20)
total wt., g)
n=11P<.0001r2=.93
Using equation 20, total weight at 10%, 50% and 90%
flowering was calculated as 4.2, 4.8 and 6.4 grams
respectively.Estimates for ages of different sized plants
were calculated (table 21).The first stem developed in the
seventh year, and reproduction began about the eighth year.
The largest plant sampled had 385 leaves.Using equation 19
(a large extrapolation) and the mean regression line for the
growth model, this plant was estimated at 37 years old, but
it could be much older.
Table 21.Estimated ages at which plants reach
specified weights.Estimates in years were calculated using
the mean regression values and confidence interval
for the intercept in the iterative growth model. *
asymptotic near 110 grams.
values
=
Weight Mean
in gramsregression
70% CI . 95% CI .
0.618 0.891 0.486 1.023
First stem:
2.6 7 8 6 10.5 6
10% reproductive:
4.2 7.5 9 6.5 11.5 6
50% reproductive
4.8 8 9 7 12 6
90% reproductive:
6.4 8 9.5 7 12 6.5
Largest plant in the plot:
70 13.5 18 11 29 9.5
Largest weighed plant, root weight estimated:
217 18 28 14 * 12113
D.Discussion.
Aboveground/belowground biomass ratios were compared
(table 22).Comparison of Corydalis aquae-gelidae and other
wetland seedlings, grown under experimental conditions,
showed that Corydalis had a relatively high root allocation.
Apparently, most of the photosynthate produced by the
seedlings is stored as starch in the tuberous root (page 4);
seedlings in the wild rarely produced true leaves their
first year.Corydalis conformed to the prediction that high
root allocation occurs with slow growth rates (Tilman 1988),
although the species in Shipley and Peters (1990) did not.
Corydalis aquae-gelidae had belowground allocation
comparable to forest herbs that grew just upslope of its
habitat (Table 22).Corydalis had high allocation to starch
storage in tuberous roots, and the species in Antos and
Zobel (1984), Zobel and Antos (1987) and Antos (1988) all
had a larger biomass in rhizome or corm than roots.These
observations for Corydalis and the forest species suggested
a relatively large allocation to storage, over resource
uptake, as might be expected for stress-tolerant plants of
shaded habitats (Grime 1979), although there were problems
with fine root loss during sampling.In addition, fine root
turnover was not taken into account.Other perennials have
a relatively low belowground allocation.Many of those in
the table are of open or disturbed sites, probably
relatively productive, and might therefore have less
storage.The low belowground biomass of the monocarpic114
Table 22.Interspecific comparisons of
belowground/aboveground biomass ratios.
Seedlings
Natural end-of-season Corydalis aquae-gelidae seedlings.
n=5mean=2.5range 0.8 to 4.0
28-day experimental Corydalis seedlings.
n=10 groupsmean=1.01range 0.67 to 1.78
30-day experimental seedlings from 68 wetland species
(Shipley and Peters 1990).
mean of means 0.34range 0.17 to 0.84, 2.23 outlier.
Adults
Modeled range for Corydalis, 4 g adults (2.87) to 200 g
adults (1.10), median=1.97.
Two observed adults, 1.99 and 2.53.
Perennials of forests in the range of Corydalis, from Antos
and Zobel 1984, Zobel and Antos 1987, Antos 1988.
Little or no vegetative reproduction (mean 2.2).
Tiarella trifoliata3.0, 0.79
Valeriana sitchensis2.2, 1.6
Erythronium montanum3.8, 1.25
Smilacina racemosa 3.1
Vegetative reproduction by rhizomes (mean 2.8).
Achlys triphylla 4.7, 3.2
Clintonia uniflora 3.4, 2.0, 2.3
Smilacina stellata 7.0, 3.1, 2.3
Arnica latifolia 2.8, 1.3
Streptopus roseus 3.0
Other perennials, with and without rhizomes, eight
Compositae and Umbelliferae species, mean=0.74, range
0.22 to 2.89 (Lovett Doust 1980a and Abrahamson and
Caswell 1982).
Biennials, two Umbelliferae species, mean 0.22, range 0.12
to 0.54(Lovett-Doust 1980a).
Annuals, fourteen species, mean 0.17, range 0.06 to 0.33
(Hickman 1975, Fitter and Setters 1988, Ennos and
Fitter 1992).115
annuals and biennials may reflect sampling near the end of
the life cycle, when allocation switches to primarily
reproductive.
Chapin et al.(1990) define storage as "resources that
build up in the plant and can be mobilized in the future to
support biosynthesis."Corydalis aquae-gelidae roots have a
large amount of storage starch.Roots of Corydalis species
also have bitter alkaloids (Foster and Duke 1990 and
personal observation for C. aquae-gelidae), which can
function as nitrogen storage as well as defense (Chapin et
al. 1990).Chapin et al.(1990) suggest that storage is
greater in plants of resource poor environments, possibly
because the inherently low growth rates (even if under high
resource supply) allow storage to be more "accumulation"
rather than "reserve."Accumulation is defined as storage
of resources that are in excess of demand for maintenance
and growth; reserve requires diversion of resources from
growth to storage.Functions of storage include buffering
asynchrony of supply and demand, and recovery from damage.
Compared to other species, reproductive allocation in
Corydalis aquae-gelidae, at about 8%, was somewhat below
average (table 23).Harper (1977) suggests that herbaceous
perennials allocate 5 to 25% to reproduction (0 to 15% for
those with clonal growth, if vegetative reproduction is not
included).The species with particularly high RA in table
23 are all of open sites (grassland or old field); a high-
resource environment may be necessary for high RA.116
Table 23.Interspecific comparisons of
reproductive allocation.a =abscised parts added to
estimate, producing the total RA for the season.b = point
estimate during seasonal maximum for RA.c = point estimate
at or near fruit maturity.
Modeled Corydalis aquae-gelidae range 8.9 to 7.8% for 10 to
200 g total weight.
Sampled range 6.5 to 11.6% (mean=8.4%, n=8)a.
Perennial herbs with vegetative reproduction (mean 10%).
Mimulus primuloidesa (Douglas 1981) mean=5.2%, range
1.9 to 14.4%, depending on site.
Viola spp.b (Fitter and Setters 1988).
Viola lutea 36.0%
Viola hirta 11.1%
Viola palustris 6.4%
Viola odorata 5.3%
Solidago spp.c (Abrahamson and Caswell 1982).
Solidago flexicaulis 8.0%
Solidago caesia 7.0%
Solidago rugosa 6.5%
Solidago canadensis 4.0%
Perennial herbs with little or no vegetative
reproduction (mean 15%).
Anthriscus sylvestrisc 19.2%
Oenanthe crocatac 8.8%
Conopodium majusc 8.5%
Viola rivinianab 8.7%
Solidago nemoralisc 31.0%
(Lovett-Doust 1980a)
(Lovett-Doust 1980a)
(Lovett-Doust 1980a)
(Fitter and Setters 1988)
(Abrahamson and
Caswell 1982)
Biennials, two Umbelliferae and one Compositae species,
mean 23%, range 12.4 to 40% (Lovett-Doust 1980a,
Abrahamson and Caswell 1982).
Annuals, Viola tricolor and Polygonum cascadense,
mean 33%, range 16.9 to 58.4% (Fitter and Setters 1988,
Hickman 1975).
Biennials have a higher average RA, and wild annuals are
higher still, at 15 to 30% (Harper 1977).117
Corydalis probably had higher sexual RA than plants of
adjacent forest habitats.These forest species often spread
vegetatively, and failed to flower in particularly shady
areas.Clark (1990) found that few old growth understory
species regenerate in clearcuts from dispersed seed, due, at
least in some cases, to low seed production and viability,
along with poor dispersal and establishment rate.Corydalis
scouleri, a species of moist forests sympatric with
C. aquae-gelidae, produced about 45 to 100 seeds per ramet
(personal observations).These ramets were taller and
single-stemmed, but probably had a biomass similar to
individual C. aquae-gelidae plants.In contrast, C. aquae-
gelidae typically produced 100 to 1500 seeds per plant;
exceptional plants produced up to an estimated 3000 seeds.
C. scouleri seeds were heavier (0.009 g average, oven dry)
than C. aquae-gelidae seeds (0.0027 g each), so that yearly
seed production was about 0.405 to 0.900 g per year for C.
scouleri ramets and 0.27 to 4.1 g, up to 8.1 g per year, for
Corydalis aquae-gelidae plants.
Corydalis aquae-gelidae apparently had the root/shoot
ratio (or storage allocation, in particular) and RA of a
stress-tolerator, although reproductive allocation was still
somewhat high.A rather high output of small seeds
(compared to C. scouleri) probably offset the lack of
spreading rhizomes and allowed an adequate number of seeds
to arrive at relatively low-frequency favorable microsites
during water dispersal.That Corydalis aquae-gelidae had118
comparatively slow growth and a long non-reproductive period
also suggested a stress-tolerator strategy.Shade-tolerant
temperate forest herbs in Bierzychudek (1982) require one to
ten years for first reproduction; Corydalis aquae - gelidae,
at 8 years according to the growth model, was at the high
end of this scale.Corydalis was able to tolerate cold,
wet, shaded conditions, and also mild scouring, as it was
able to regrow from a deep-seated root and belowground stem
system with storage and many buds.
Grime (1979) proposes a simplified model where plants
are considered more competitive if they have a greater
maximum size (height and spread, including rhizomatous
spread), and more ruderal if they have a greater relative
growth rate.Mimulus guttatus and Epilobium glandulosum,
two of the most frequent associates of Corydalis aquae-
gelidae, were small, fast-growing perennials that evidently
possessed a more ruderal strategy.These shallow-rooted,
possibly short-lived plants were near full-size and
reproductive in their first year, when grown in cultivation.
The larger Corydalis overtopped and suppressed these two
species in certain habitats.Petasites frigidus and Stachys
cooleyae were large, rhizomatously-spreading species, with a
more competitive strategy.They produced large, dense
stands, especially in relatively warm, sunny habitats, and
were probably relatively fast-growing.Petasites and
Stachys, along with Mimulus, apparently crowd out other
species in clearcuts by developing vigorously, while under119
old-growth canopies theyappear with numerous species
(Campbell and Franklin 1979).All four of these associated
species were often found inmore disturbed and more
productive habitats than Corydalisaquae-gelidae, such as
areas of large-scale flood damage, wet road cutsand
roadside ditches.
Several problems occur in allocation studies.The
"currency" often used is biomass, but mineralnutrients may
be more important (Harper 1977).Corydalis seeds contained
lipids (personal observation),so that their energy
concentration was high, compared toother organs.The time-
period over which tomeasure (present, seasonal or lifetime
integration) is an issue.Pritts and Hancock (1983) found
that lifetime reproductive allocation ina woody perennial
could be comparable to annuals,because turnover of
reproductive parts is greater thanturnover of vegetative
parts.Finally, it should be preferableto measure
allocation to functions, rather thanorgans, as allocation
to functions seems more likely to beaffected by
environmental variation or natural selection;this requires
techniques such as in Ennos and Fitter(1992) for anchorage
and Chiarello and Roughgarden (1984)for storage.120
VI.Population Biology
A.Seed dispersal.When mature but still green,
Corydalis aquae-gelidae capsules ejected seedsa few meters,
by explosive dehiscence, which could be triggeredby touch
or could occur spontaneously.The seeds sank into the water
once the surface tension was broken.Seeds allowed to air-
dry for a few days floated, however.Because the typical
habitats were largely inundated by flowingwater, at least
in the winter, secondary dispersal bywater should be
common, even for seeds initially deposited on land.Many
seeds were probably lost into deep water.Corydalis seeds
had elaiosomes (fleshy food bodies) that couldfacilitate
dispersal by ants; the mechanismwas probably unimportant
for Corydalis aquae-gelidae, as Corydalis habitatswere
often flooded.Large animals would have been necessary to
disperse seeds upstream past unsuitable habitatsor into
other watersheds, yet such dispersalwas probably rare, as
the seeds were not sticky or clinging.The high habitat
specificity of Corydalis also decreased thechance of seeds
dispersing to distant suitable sites; the "target"for
dispersal was relatively small.Dispersal problems may help
explain the patchy distribution and limitedrange of
Corydalis.
B.Population dynamics.The population structure of
plants in the sample plots was calculatedas the percentage
of plants in each growth stage (table 24).Although the
percentages were not significantly different, the low121
percentage of seedlings in the Soosap Peakarea resulted
from the two clearcut populations within thisarea.
Seedlings were all first-year plants.Juveniles were
estimated to be in their second to sixthyear (see growth
model page 107), except, perhaps, severely suppressed
individuals.Adults probably remained in the non-
reproductive stage for one year.
Table 24.Growth stage structures in sample plots. The
percentages were from the niche analysis, with 111 plots
with Corydalis, containing a total of 2615 plants.The
relative percentages are not significantly differentamong
the major geographic areas (chi-square test,P=.15, df=9).
Non-rep. = non-reproductive.From a sample of 2615 plants.
Percentages
Adults
Geographic areaSeedlings JuvenilesNon-rep.Reproductive
Clackamas River 36 49 4 11
Oak Grove Fork 43 46 2 8
Squaw Mt. 33 54 3 10
Soosap Peak 24 52 6 18
Total data set 38 49 3 10
Using the above statistics (table 24), andages for
each stage estimated from the growth model,a hypothetical
age structure for the total Mt. Hood National Forest
population was generated (figure 39).Assuming no variation
in fecundity or mortality betweenyears, figure 39 can also
be interpreted as a survivorship curve.122
Figure 39.Hypothesized age structure for Corydalis
aquae-gelidae on the Mount Hood National Forest.Frequency
per year was calculated as the relative frequency of a
growth stage, divided by the estimated number of years in
that stage.Two hypothesized maximum ages were used to
calculate two values for frequency per year for reproductive
adults, 20 and 40 years.From a sample of 2615 plants.
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Two hypothesized maximum ages were used for reproductive
adults, 20 and 40 years.These were probably reasonable
maximum age estimates, because the resultingsurvivorship
curves appeared believable.
The population dynamics for Corydalis aquae-gelidaeare
unknown, but population sizes are probably slow tochange in
normal conditions, with a complete turnover in individuals
perhaps taking decades.The adults seemed long-lived, and
the seedlings grew slowly, rarely producinga true leaf the
first year.Many seedlings and juveniles were in seemingly
poor microsites, and may not reach the reproductive adult
stage.Yet the large number of seedlings and juveniles
suggested successful reproduction.In good microsites,
seedling survival was high.9 of 10 seedlings tagged in the
growth model monitoring plot were relocated the secondyear.
93% of 46 seedlings tagged in this plot July 8,1991 were
relocated September 10, 1991.124
VII.Biotic interactions
A.Mutualism.Bumblebees were the main potential
pollinators visiting Corydalis aquae-gelidaeflowers.Long-
spurred flowers are often specialized to bumblebeesor other
pollinators with long mouth parts (Meeuse and Morris1984).
Butterflies also visited the flowers, but onlybumblebees
were observed to land on the inner petals, which pushes
these petals downward, exposing the anthers and stigmafor
pollination.The anthers dehisced, applying pollen to the
stigma, before the flowers opened.As a consequence, self-
incompatability must have been a prerequisiteto
outcrossing.
The roots of Corydalis aquae-gelidae seedlings and
juveniles were tested for VA mycorrhizae by stainingwith
trypan blue and searching for vesiclesor arbuscules.
Juveniles collected from the Oak Grove Fork in1990 were
mycorrhizal, but only sparsely (Elaine Ingham,personal
communication).In 1991, 20 samples (3 seedlings and 17
juveniles) were collected from two headwaters populations
near Squaw Mountain, and from one Clackamas River
population.Samples were taken from both saturated and less
wet substrates, and from each of the three substratetypes
defined on page 16.Only three juveniles of twenty samples
were mycorrhizal, with sparse colonization.The three
mycorrhizal samples were from the headwaters populations, in
both substrate moisture conditions, and both GX andLX
substrate types.125
Members of the Fumariaceae are rarely mycorrhizal,
possibly due to the presence of fungistatic isoquinoline
alkaloids (Brundett 1991).Reports of mycorrhizae in
usually non-mycorrhizal families may representnon-
functional infections that occurred due to rootsenescence
or the proximity of host roots of other species.Only 60%
of hydrophytes are mycorrhizal (Brundett 1991); it isnot
surprising that mycorrhizae weresparse in Corydalis aquae-
gelidae.
B.Herbivory.The presence or absence and type of
herbivory on Corydalis aquae-gelidaewas recorded for each
of 111 sample plots during the niche analysis.Cates and
Orians (1975) found Corydalis scouleri tohave above-average
palatability to the slug Ariolimax columbianus, in
comparison to other middle-elevation plants.In this study,
slugs (perhaps Ariolimax spp.) were the most frequentcause
of damage (11% of the plots), andwere common in the study
area.They could consume most of the shoot inrare cases,
but sometimes slugs left tracks on Corydalis plants with
little or no damage.Slug damage was most severe at the
lowest elevations, and absent at the highest elevations.
Slug damage appeared to occur usually in well-vegetated,
moist (not inundated) sites.Severe damage occurred in both
1990 and 1991 in the plot in an abandoned braid channel,
described on page 69.Environmental variables from the
niche analysis were compared between plots withand without
slug damage.Organic cover differed significantly between126
the two sets of plots (P=.04, rank sum test); plots with
slug damaged Corydalis had a median of 12% organic cover
(range 0 to 94%) while other plots had a median of 5% (0 to
89%).The canopy species ordination scores also differed
significantly (P=.02).Plots without slugs had higher
scores (median -0.1), compared to those with slugs (median
-0.8).Less negative scores indicated samples more likely
to contain either high elevation trees and shrubs, or Tsuga
heterophylla (see page 41).
Unexplained raceme tip loss, possibly due to deer, was
common (10% of the plots).Unexplained loss of leaf area
occurred in 5% of the plots, and unexplained stem loss
occurred in 2% of the plots; these losses may have been due
to slugs.
Flower beetles (probably in the family Malachiidae or
Dasytidae), about 2-3 mm long and red-brown, occurred in 4%
of the plots.They damaged the flowers when in large
numbers, leading to flower drop and lowering seed
production.These same beetles were sometimes found on
other plant species.
Mild aphid infestations occurred in 3% of the samples.
These infestations occurred on old, senescing raceme axes at
the end of the season, and hence produced little impact.
"Nectar thievery," in which some insect removed the
back portion of the flower spur, occurred in 1% of the
plots, and may have interfered with pollination.127
The frequency of herbivory increased later in the
season.The median date for plots without herbivory was
July 19, but was August 22 for sampling of plots with
herbivory (P=.0005, rank sum test).Other environmental
variables from the niche analysis did not differ
significantly between plots with and without herbivory, or
gave only weak, uninterpretable differences.
C.Disease.Downy mildew (a Peronospora sp., probably
Peronospora corydalis, identified by Stacey Fischer, Plant
Clinic Diagnostician, Oregon State University) sometimes
decimated single plants or groups.Downy mildew disease
symptoms included stunted, curled, yellowed or browned
leaves, and often resulted in flower abortion or early
senescence.The buff-colored fungal hyphae were easily
visible with a hand lens.As with herbivory, growth and
seed production were severely reduced.Severe damage
occurred in some sites in both years; the disease was
probably unable to kill the plants except perhaps over many
years.
The presence or absence of Peronospora was recorded in
the 111 plots with Corydalis aquae-gelidae.The disease
occurred only in the main river populations (Oak Grove Fork
and Clackamas River), in 25% of the plots in these areas.
Using only plots from these areas, the environmental
variables from the niche analysis were compared between
plots with and without Peronospora (table 25).The results
confirmed observational hypotheses.Peronospora was more128
frequent at lower elevations and under less canopy cover.
Mineral cover was probably secondary; it is correlated with
the other two variables (page 39).Canopy species
composition was correlated with elevation (page 45).
Peronospora may have required warmer air temperatures for
infection, or it may generally attack plants thatwere
subject to more heat or drought.Disease severity appeared
to follow the same pattern; the most severe stunting
occurred on lower elevation plants under less canopy cover.
Table 25.Environmental differences between plots with
and without downy mildew (Peronospora).Statistical
significance using the rank sum test.Only statistically
significant comparisons are shown.n = 19 plots with
disease, 57 plots without disease.
No disease . Peronospora.
P MedianRange MedianRange
Elevation (m) 780 (600-1006)670(620-960) .0002
Canopy cover% 90.5 (23-100) 70 (14-98) .0004
Mineral cover%39 (0-100) 50 (10-95) .01
Canopy axis -0.15(-1,2) -0.7(-1,1) .02
Although the median sampling date did not differ
significantly between plots with and without Peronospora
(P=.64, rank sum test), diseased plants were found on the
Oak Grove Fork that had not been diseased earlier in the
season.In many cases, these late infections advanced
senescence without reducing leaf area or seed production.129
Higher elevations may explain the absence of
Peronospora from the Squaw Mtn. and Soosap Peak areas.
Plots in these areas ranged from 840 to 1250 m (median 1104
m), somewhat higher than for the plots with Peronospora in
table 25.Canopy cover was not significantly different
among the geographical areas, except where due to
clearcutting.
D.Associated plant species.The species associated
with Corydalis aquae-gelidae (see Appendix 1) were those
typical of riparian areas in Franklin and Dyrness' (1973)
Tsuga heterophylla and Abies amabilis zones and of the
riparian communities in Campbell and Franklin (1979).Many
species were more typical of forest understories, but did
occur within a few meters of a Corydalis aquae-gelidae
plant.Community composition varied with elevation, stream
order, position relative to water, substrate type, substrate
cover, species richness, and total understory plant cover
(see page 45).There was relatively high diversity (see
page 41).
Associated understory species (Appendix 1) with both
high frequency and high cover where they occur were most
likely to have competitive effects on Corydalis aquae-
gelidae.Some niche differentiation between Corydalis and
other species was suspected.Few or no associates grew in
coarse substrates under shallow, flowing water in the shade.
In addition, no associate seemed to sink deep taproots into
saturated substrates; hence, root competition was probably130
minimal.The effect of associated species (richness and
total cover) on Corydalis abundance was small to non-
existent (see niche analysis, page 47).
The four most common understory associates were
relatively small-statured and probably short-lived
perennials, with a more ruderal strategy than Corydalis
aquae - gelidae (see page 118).They rarely produced dense
cover.Epilobium glandulosum was the most frequent (40% of
the plots) with 4.5% average cover in the plots where itwas
present.Mimulus guttatus (frequency = 35%), produced 6.1%
cover where present.Mimulus spreads rhizomatously, and
appeared to suppress Corydalis seedling establishment in
some microsites.Montia sibirica (27% frequency, 8.2% cover
where present) usually grew in slightly drier areas within
the plots than Corydalis seedlings, as did Galium triflorum
(31% frequency, 2.8% cover where present).
Three large perennials were able to overgrow adult
Corydalis aquae - gelidae.Athyrium filix-femina, a fern,
produced very large individuals, but usually at low
densities in Corydalis habitat.It occurred at 20%
frequency and 22.8% average cover where present.It usually
grew in more stable habitats with finer-textured substrates.
Stachys cooleyae (24% frequency, 23% cover where present)
and Petasites frigidus (17% frequency, 35% cover where
present) probably had more competitive effect on Corydalis
(see also page 118).They spread rhizomatously, producing
large patches in Corydalis habitat.They seemed to grow131
vigorously in warmer, sunnier, probably more productive
habitats.Their rhizome systems, with dense, fibrous root
systems, probably stabilized the substrate, leading to
greater productivity, and possibly competitive exclusion of
Corydalis from some sites.
Three shrubs were fairly common in Corydalis aquae-
gelidae habitat.They were rooted in less wet substrates,
but overarched adult Corydalis plants, apparently
suppressing their growth.Physocarpus capitatus (7%
frequency, 39% cover where present) was restricted to the
Clackamas River and the Oak Grove Fork.Ribes bracteosum
(15% frequency, 44% cover where present) and Oplopanax
horridum (9% frequency, 35% cover where present) were more
widespread, and seemed to prefer shadier habitats.The
growth and competitive effect of shrubs appeared to be
greatest where there was little or no tree canopy.For
example, dense thickets of Alnus sinuata, Physocarpus, and
other shrubs occurred on the south-facing side of the upper
Oak Grove Fork; very little Corydalis grew beneath these
shrubs.The north-facing bank was lined with large, old
Thuja plicata, below which were few shrubs, but numerous,
large, healthy patches of Corydalis.
Associated plants may have decreased the abundance of
Corydalis aquae-gelidae, or restricted it to certain
microsites and successional niches.Competitors probably
had their greatest influence in early to mid-successional,
highly productive environments, where dense, low growth can132
develop.Overstory shade is thought to lessen the
importance of competitive ability relative to (shade)
stress-tolerance (Grime 1979).Successional change is
initiated by disturbance (a biomass-destroying event,
usually floods in Corydalis habitats) or by changes in
habitat conditions.
Natural successional changes may have extirpated local
groups of Corydalis aquae-gelidae.Corydalis grew along
small streams and seeps under large Thuja plicata and other
trees in a population near Squaw Mountain.These streams
ran into an area that was burned long ago (there are large
charred snags) and became occupied by a few old Alnus rubra
in a thicket of Rubus spectabilis and Ribes bracteosum.
Successional change may have been indefinitely arrested in a
mid-successional shrub stage at this site.Corydalis was
very sparse to absent along streams ran in the thicket area,
where all herbs grew poorly.In contrast, part of the Whale
Creek population occurred under a stand of tall, old Alnus
sinuata with a relatively loose canopy.Many herbaceous
species, including Corydalis, grew vigorously in the stand,
as well as Thuja plicata seedlings and saplings.
Canopy species frequencies supported the conclusion
that Corydalis aquae-gelidae usually grew in relatively
late-successional conditions.The late-successional species
for the lower forest zones, Thuja plicata and Tsuga
heterophylla (Franklin and Dyrness 1973), were more frequent
(59 and 51% respectively) than the early-successional133
species Alnus rubra and Pseudotsuga menziesii (42 and 31%
respectively).The same pattern occurred for the high-
elevation trees; Abies amabilis had an 18% frequency, while
Abies procera had only a 4% frequency.The most frequent
shrub in the canopy was Acer circinatum, a shade-tolerant
species, at 11%.134
VIII.Summary:Limitations of
distribution and abundance.
The distribution and abundance of Corydalis aquae-
gelidae were correlated to environmental gradientson a
range of spatial scales.On the smallest scale was the
water position gradient, i.e., distance perpendicular to the
stream.The differences along a stream reach and between
stream reaches were larger gradients; the analytical methods
did not separate these two scales.Elevation and stream
order were the next largest scale.Geographical scale was
the largest, and was investigated from two perspectives:
differences among areas within the range of Corydalis, and
possible limitations on the total range of Corydalisaquae-
gelidae.
Corydalis aquae-gelidae abundance (as indicated by the
reproduction and biomass indices, page 22) was strongly
related to the water position gradient (figures 4-9).
Maximum abundance occurred from 5 cm below to 20 cm above
the water, measured vertically, and within 150 cm horizontal
distance to the nearest water surface.These measurements
were from plot center, so that there was variation within
the actual environment of the plants within the 1-m2 plots.
Optimal water cover within the plots was about 10 to 30%.
These narrow optima were apparently due to the effect of
deep water in one direction, and drought in the other (page
69).Corydalis seedlings in culture were sensitive to poor
water supply (page 93).In addition, wet habitats were135
cooler (page 21), and cold, wet substrates may stunt other
species that would otherwise overgrow Corydalis (page 90).
Substrate variables were correlated with the water position
variables.In particular, organic material and fine-
textured inorganic material (sand, silt and clay) cover, and
the incidence of substrates with soil or mud as the dominant
components (LX substrates), increased away from the water
(page 39); all of these conditions suppressed Corydalis
abundance (page 48).Species richness and total associated
species cover increased away from the water, but only the
number of "important" species (cover over 25%) was
correlated with Corydalis abundance (page 48).Species
composition of the plant community also changed along the
water position gradient (page 45).
Corydalis aquae-gelidae was most abundant in coarse,
mineral substrates, even within its optimal water position
range.Several environmental variables had a local effect
independent of the water position gradient, affecting the
abundance of Corydalis along the stream, within optimal
water positions (page 51).Abundance decreased with organic
and fines cover (figs. 14, 15, 20, 21), and from gravel and
coarse sand substrates (GS substrates), to substrates with
gravel and sand dominant, but with other materials (GX
substrates), to substrates with soil or mud the dominant
components (LX substrates).Changes in substrate physical
and chemical properties with increasing organic content and
finer texture were hypothesized to be causative (page 72).136
Optimal mineral cover was 25 to 50%; a higher mineral
cover may indicate too much scouring (horizontal erosion) by
stream flow.Corydalis grew slowly, with a high allocation
to belowground storage (page 101-111); it did not show the
characteristics of a ruderal plant, which could quickly
recolonize after disturbance, but rather tolerated mild
scouring (page 118).Optimal moss cover was 50 to 80%; less
moss cover was associated with highly scoured (mineral)
sites, and greater moss cover with high organiccover.
Cobble and gravel cover had relatively erratic effects
(figs. 16-19); a substrate of coarse sand and gravel was as
favorable as coarse sand and cobble.
Plants under less than 20% canopy cover were suppressed
(page 50).In addition, Corydalis under low canopy cover
had greater downy mildew (Peronospora) attack (page 127).
Corydalis aquae-gelidae was apparently less competitive in
productive environments (page 129), so that warm, sunny,
mesic (rather than hydric) conditions may lead to
competitive exclusion.
The effect of scouring flows was investigated
indirectly through hydrological analyses (page 29).Stream
reaches occupied by Corydalis aquae-gelidae had relatively
less seasonal stream flow fluctuation than unoccupied
streams.The latter often had relatively extensive dry,
scoured banks during the summer, indicative of heavy winter
scouring flows.Some scouring and flow fluctuation is
beneficial, however.About 75% of the Corydalis plants137
occupied the zone between winter high and summer low water
level, according to a streamflow model for the Oak Grove
Fork (page 31).Corydalis was rarely in pools and still
backwaters, apparently due to siltation and organic matter
deposition.Certain geomorphic features were identified as
good Corydalis habitat (gravel and cobble bars on larger
streams, the beds of shallow streams) or poor habitat (cut
banks, log jams, bedrock, silty pools and backwaters, marsh
or swamp areas).
Large scale disturbance appeared to be harmful to
Corydalis aquae-gelidae.Corydalis was apparently most
frequent in relatively late-successional conditions (page
132), although chronic low-intensity scouring was endemic to
its habitats.Large scale disturbance by floods, leading to
the destruction of most of the streambank vegetation,
appeared to account for the gaps in Corydalis distribution
on the upper Clackamas River (page 8).Fire and windthrow,
and subsequent successional changes, also appeared to reduce
Corydalis abundance (page 131).Timber harvest had negative
impacts (see management implications, below).
Corydalis aquae-gelidae occurred at elevations from 460
m to 1300 m, and on stream orders from the fifth order
channel of the Clackamas River to "zero order" (too small to
appear on 7.5' USGS topographic maps) headwater streams and
seeps (page 25).Elevation and stream order were
correlated; at lower elevations, Corydalis was usually on
the larger streams.Corydalis on the larger streams were138
larger and denser (page 26).Elevation did not affect
Corydalis abundance significantly; there were some small
streams at lower elevations that had somewhat poor
abundance.There were few Corydalis populations on first
and second order streams (compared to zero order or third-
plus order), evidently due to poor substrate and hydrologic
conditions (page 28).Lower elevational limits on the large
rivers may be set by increasing flow fluctuation and more
intense disturbance, rather than temperature (page 26).
Upper elevational limits may also be more affected by
hydrology than temperature; suitable habitats appeared not
to exist at higher elevations (page 27).Temperature
measurements and phenology also indicated that temperature
was a relatively unimportant limitation (page 83), although
Corydalis might be outcompeted if it grew in warmer, long-
season habitats at low elevation (page 83).
Differences in Corydalis aquae-gelidae abundance among
areas within the species' range paralleled differences among
stream orders (page 26).Larger, denser plants grew on the
large streams of the Oak Grove Fork and upper Clackamas
River areas, than in the headwater areas near Squaw Mountain
and Soosap Peak.The reproduction index did not differ
significantly among these areas.The species composition of
the plant community differed among these areas (page 46).
The geographical range of Corydalis aquae-gelidae was
small and patchy (figure 1).The patchiness may reflect the
patchiness of suitable habitat, or the vagaries of seed139
dispersal and local extinctions.Apparently suitable
Corydalis habitat (similar substrates, hydrology, associated
species) was observed elsewhere in the Oregon Cascades south
of Corydalis' range and in the Coast Range on Mary's Peak.
Seed dispersal problems were probably a major barrier, as
dispersal across watershed boundaries (as well as upstream)
was probably rare, and suitable habitats provided small
"targets" in large, unsuitable areas (page 120).
Corydalis aquae-gelidae's range was centered near and
around the Columbia Gorge (figure 1), and the species was
able to disperse across the Columbia River.Perhaps
Corydalis aquae-gelidae was originally derived from seeds of
the related Corydalis caseana washed down from the upper
Columbia watershed, in northeastern Oregon and Idaho, during
the Pleistocene epoch, 0.1 to 2 million years ago.140
IX.Management implications.
A.Rarity and legal status.Corydalis aquae-gelidae
was rare in two of three possible senses proposed by
Rabinowitz et al. (1986), in that it had a narrow geographic
range and a high degree of habitat specificity, although it
was very abundant in certain microsites.Corydalis is
currently a federal C2 candidate for listing as threatened
or endangered under the Endangered Species Act (US Fish and
Wildlife Service 1990).By definition, C2 candidate species
require more information in order to be proposed for
listing.The species is under consideration for candidate
status under the Oregon Endangered Species Act, Senate Bill
533 (R. Meinke, personal communication).The species is on
the USDA Forest Service Region Six sensitive species list,
and considered threatened throughout its range by the Oregon
Natural Heritage Program (Oregon Natural Heritage Program
1989).Corydalis aquae-gelidae is considered a threatened
regional endemic within Washington State (Washington Natural
Heritage Program 1990).The Oregon and Washington Natural
Heritage Programs recommended in 1991 that the federal
status of Corydalis be changed to Cl, i.e., waiting for the
listing documentation (Nancy Fredricks, USDA Forest Service,
Gifford Pinchot National Forest, personal communication).
Corydalis aquae-gelidae did not seem in imminent danger
of extinction, because fairly high numbers occurred in a
range of sites over a fairly large area, and the species
appeared persistent under normal conditions:all 26141
populations searched for in 1990 and 1991 were relocated, at
3 to 49 years after their initial description (mean 10
years, n=26).There are 43 known populations on the Mt.
Hood National Forest.The species did seem threatened,
however.11,625 plants were censused in the five
populations within the diversion reach of the Stone-
Shellrock Hydropower Project, currently under construction
on the Oak Grove Fork; the population may be severely
reduced (see section C, below).11,625 plants represented
49% of the total population along the Oak Grove Fork and its
tributaries and 22% of the estimated total Mt. Hood National
Forest population.A severely disturbed population on a
roadbank near Soosap Peak, known since 1974, had only non-
reproductive plants.Two populations, totaling 1080 plants,
were within and severely affected by clearcuts (see section
B, below).16 of the 26 populations surveyed had some
degree of past or potential habitat or plant loss, from
timber harvest, road construction, the Stone Creek
Hydropower Project, fisheries habitat improvement projects,
or cattle grazing.The number of Corydalis plants will
probably decline in the future, if trends continue.
B.Timber harvest and road construction.Eight
samples with Corydalis aquae-gelidae in two clearcut sites
were compared with rank-sum tests to all other samples with
Corydalis (n=103).One site was clearcut in 1971.The size
of the clearcut populations before cutting was unknown.
Plots without Corydalis were excluded, so that these plots142
would not bias the results.Biomass and seedling number
were reduced in the clearcut sites, although juvenile number
was not (table 26).The juveniles may have been older,
stunted individuals.This reduction in abundance may have
been due to the reduced canopy cover.The plants were
obviously stunted, with small, thickened, yellowed and
browned leaves, and reduced seed production, perhaps
directly due to increased radiation.Increased substrate
and air temperature may also have been causative.The few
seedlings found were yellowed and browned, and usually under
other plants or slash.Low Corydalis abundance was also due
in some areas to overcasting of soil or mud, with a
resulting dense growth of herbaceous competitors and litter
production.Sites with low canopy cover, fine-textured
substrates or substrates with more organic material, and
sites with 2 or more species with cover over 25% each, were
all poor Corydalis habitat (see the niche analysis section,
page 47).
Timber and road projects may have destroyed Corydalis
aquae-gelidae plants through direct physical disturbance by
machinery, workers, and dragged logs and slash, and by
overcasting with soil and slash.Roads cut through three
small populations in headwater springs and streams, through
a first order stream population, and along a part of the
Clackamas River.In all these cases, it is probable that
plants were destroyed; habitat was certainly degraded.143
Table 26.Comparisons of Corydalis aquae-gelidae
abundance and environmental variables in clearcut sites with
other sites.Statistical significance from rank-sum tests.
N=8 for clearcut samples, n=103 for other, uncut sites.
Clearcut . Other
Median Range Median Range
Biomass index 3.0(0.17-3.3) 3.5(0.17-5.3).01
Reproduction index1.3 (0-1.7) 1.9 (0-4.4).17
Juvenile numbers
(m
-2
)
7.0 (0-13) 6.0 (0-68) .79
Seeding numbers
(m-4
0.5 (0-2) 3.0 (0-83) .02
Canopy cover (%)11.0 (0-49) 84.5 (14-100)<.0001
Organic cover (%)47.5 (20-60) 5.0 (0-94) .0002
Fines cover (%) 55.0 (0-75) 10.0 (0-100).03
Species richness13.5 (6-20) 8.0 (0-17) .007
The affected populations may be in slow decline; monitoring
is necessary to evaluate population trends.
Water flow patterns may have been changed by road and
timber operations in some impacted areas.Erosion can be
increased, as was noticed on the Gifford Pinchot National
Forest in Corydalis aquae-gelidae habitat (John Gamon,
personal communication), producing an unstable gravel
substrate with few plants of any species.Drying or
destabilization of water regimes might have occurred, if the
activities were in or upstream from the population.The
effect might have been to reroute water flow, or to have
caused faster winter runoff with lowered summer water
supplies.The loss of summer water supplies apparently144
occurred in a population near Squaw Mtn., and possibly in a
Clackamas River population.In the former population, the
stream becomes intermittent below a spur road and skid
trails which rerouted water flow.Small streams and
springs, and groups of Corydalis, no longer occurred where
they were mapped previously along the Clackamas River; this
area was in and directly below a clearcut.Depending on the
situation, upstream clearcuts might also have increased
flood potential, siltation and water temperature in
Corydalis aquae-gelidae populations well downstream.
Watersheds that remain intact to some degree were required
for the viability of Corydalis populations.Corydalis
naturally occurred on streams with less seasonal fluctuation
in flow (see page 30).
Post-disturbance successional change may also reduce
Corydalis aquae-gelidae abundance.Certain large herbs and
shrubs responded better to high light conditions in
clearcuts than Corydalis aquae-gelidae, and dense shrub
thickets or stands of young conifers may result (John Gamon,
personal communication, and personal observation).The
dense canopy decreased light availability, and possibly
increased root competition and some direct interference,
e.g., breakage of Corydalis stems by the movement of woody
stems, and harmful litter or allelopathic chemical
production.Alnus sinuata was a possible competitor, but
Corydalis grew under large, more diffuse alder in natural
conditions.Shorter, denser shrubs such as Ribes145
bracteosum, Rubus spectabilis, or Physocarpus capitatus, and
large herbs such as Petasites frigidus, Stachys cooleyae or
Athyrium filix-femina may have been more of a problem,
depending on the site.Brush has caused apparent declines
in clearcut populations on the Gifford Pinchot National
Forest that were revisited after 10 years (John Gamon and
Lois Kemp, personal communications).
Adjacent clearcutting could reduce Corydalis aquae-
gelidae populations even where a no-cut buffer is present,
through increased windthrow.Windthrow could impact
populations through direct physical damage, habitat changes,
or resulting successional changes.Possible habitat changes
include the covering of preferred substrates, and rerouting
or damming of the streams, resulting in flooding and
siltation of the site and creation of marshy or swampy
areas.This problem has apparently occurred in part of a
Clackamas River population, just above Big Bottom; recent
windthrow in a Corydalis population adjacent to a clearcut
was observed there in 1990.
C.Hydroelectric projects.The most obvious problem
associated with hydroelectric projects was the flooding of
plants behind dams.Corydalis aquae-gelidae occurred within
100 feet of the upstream end of Lake Harriet on the Oak
Grove Fork, suggesting that plants were flooded by the
project.Corydalis is not known from lakeshores.
Water diversion, as for the Stone Creek Hydropower
Project on the Oak Grove Fork (currently under146
construction), also should have impacts.This project will
remove much of the water from the Oak Grove Fork, from its
juncture with Stone Creek to 9 km (5.6 miles) below, where
the water will be replaced after flowing through a
powerhouse.Estimated post-diversion water levels are
discussed on page 31.95% of the plants were within 28 cm
vertical distance to the summer low water level; after
diversion, 95% of the plants will probably be further than
24 cm (table 7).Winter inundation of Corydalis plants will
also be severely reduced.The project area contained an
estimated 22% of the total Mt. Hood National Forest
Corydalis aquae-gelidae population (page 141).Damage to
plants would result directly from the lowering of water
levels.This direct impact would vary with the size of the
plant, the degree of shading, and substrate moisture from
other sources.Deep-rooted plants on shaded banks,
especially if provided with spring flow, should survive;
many plants will not.
Impacts due to diversion may have already extirpated
Corydalis aquae-gelidae below Lake Harriet.The four miles
of stream with partial diversion from Lake Harriet to
Ripplebrook Campground were surveyed, revealing no
Corydalis.The stream reach was from about 610 to 430 m,
mostly within the known elevational range of Corydalis,
appeared to have suitable water temperatures and substrates
in some areas, and contained most of Corydalis' lower147
elevational associates.Some areas looked like suitable
habitat, and Corydalis presumably could have existed there.
Less direct impacts were hypothesized.The lowered
water level will produce an area of bare gravel in the open,
resulting in higher air temperatures and increased
evaporative demand, and possibly heat stress and downy
mildew attack, for residual Corydalis. The reach below
Lake Harriet showed large areas of bare gravel.Corydalis
may also have trouble colonizing the new streamside in the
diversion reach due to the changed microclimate.Corydalis
was rare on large, open bars on the Clackamas River, and was
susceptible to downy mildew or radiation damage there.Low
canopy cover correlated with decreased Corydalis
reproductive and biomass abundance (page 50) and increased
disease occurrence (page 127). Cascades Environmental
Services of Bellingham, Washington (environmental
consultants for the Stone Creek Hydropower Project) believed
that the temperature of the river water, in particular, will
remain unchanged (personal communication).
Additionally, Corydalis aquae-gelidae may have
difficulty establishing on the newly exposed substrates, at
the new river level.The typical gravels had enough sand to
fill the interstices, but the relicted surfaces may be
largely with open interstices, resulting in deep burial of
the seeds and poor water supply.Below Lake Harriet,
deposits of rocks and gravel without sand in the interstices
remained bare of any species.These deposits occurred148
particularly on the narrower, higher-gradient upstream end
of the reach.Fairly high moss cover was correlated with
increased Corydalis abundance (page 48); there will be no
moss on newly relicted surfaces, and moss growth may be poor
under low canopy conditions.
Seed dispersal to distant favorable microsites may be
rare (see page 120).Dispersal problems may cause
difficulties in reestablishment when the location of
favorable microsites shifts quickly.If Corydalis aquae-
gelidae occurred below Lake Harriet, most of the problem may
have been because the location of suitable microsites
quickly shifted, rather than complete habitat destruction.
Dense growth of large herbs and shrubs may eventually
suppress Corydalis aquae-gelidae establishment and growth on
the relicted surfaces.Increased plant growth and hence
water use at the old river level would also decrease the
survival of the residual plants.Below Lake Harriet, open
gravel areas of bars and river bed were occupied by Salix
spp., Alnus rubra saplings, and/or stands of Petasites
frigidus and Stachys cooleyae, indicative of the less dense
canopy conditions at the new water level.
Changed water flow regimes (distinguished from a
reduction in the amount of flow) could comprise habitat
degradation; Corydalis aquae-gelidae occurred under specific
flow regimes (page 29).Widely fluctuating water levels
during the growing season would preclude seedling
establishment; plants at an optimal distance to the river149
level during spring would dry out later in the season.A
lack of flooding during the winter may allow the
establishment of competing vegetation in Corydalis habitat.
Conversely, extreme, episodic "scouring flows" during the
winter, designed to improve fish habitat, may unearth
Corydalis plants.Episodic winter high water levels may be
nearly the same as before diversion (figure 2); these
infrequent events may also scour plants establishing at the
bypass levels, deep in the river bed.Retention of the
current water level fluctuation patterns (measured as
elevation of the river surface, rather than flow rate) is
suggested.
Decrease in population size itself can lead to local
extinction, even without further impacts (Gilpin and Soule
1986).Smaller populations are subject to more complete
"disasters," have a higher variability in population growth
rate, and are subject to inbreeding and genetic drift, which
may lower population growth rate or cause poor adaptation to
the environment.These processes may have occurred below
Lake Harriet.
D.Fisheries habitat improvement projects.Fisheries
projects along the main rivers entailed the placement of
rocks and logs in the channel.These projects probably have
affected Corydalis aquae-gelidae.Mechanisms for impact
include direct physical disturbance when gravel, rocks or
logs are moved, flooding of plants behind the structures,
and possibly siltation in some cases.150
A reach along the Clackamas River below Big Bottom was
the site of such a project.The 1980 Forest Service
sighting report by Jean Siddall and Rick Brown showed
Corydalis occurring where the fisheries structures were
placed; no plants were found in the area in summer 1990.
Instead, plants (of other species) were found underwater,
plants that normally do not occur there.The water was
backed up against steep banks, so that suitable gravel
deposits were no longer available to Corydalis.Corydalis
grew just upstream from this project, as well as downstream.
Preservation of Corydalis aquae-gelidae habitat is
compatible with the preservation of spawning gravels and
water flow patterns and quality for fish, but not with
fisheries habitat improvement projects located within
Corydalis populations.
E.Cattle grazing.Cattle were seldom grazed in
Corydalis aquae-gelidae habitat, but the upstream end of the
Stone Creek population could have been better protected.
Cattle grazed down the riparian corridor to within one
hundred meters of the upstream end of this population in
August 1990.Cattle were a relatively minor threat to the
long term species viability of Corydalis aquae-gelidae.The
slow growth of Corydalis plants (see page 107) suggested
that if damage through grazing or trampling did occur,
recovery would be very slow.151
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Appendix 1
Frequency and cover indices of species associated
with Corydalis aquae-gelidae
This list follows the nomenclature of Hitchcock and
Cronquist (1973).Canopy was any cover over 1 m in height.
Understory was cover in plot under 1 m in height.Frequency
was occurrences divided by total sample size (150).Average
cover percent was calculated using only those plots in which
the species occurred.
Canopy Species
Thuja plicata
Tsuga heterophylla
Alnus rubra
Pseudotsuga menziesii
Abies amabilis
Acer circinatum
Physocarpus capitatus
Abies grandis
Alnus sinuata
Acer glabrum
Taxus brevifolia
Abies procera
Ribes bracteosum
Oplopanax horridum
Picea engelmannii
Acer macrophyllum
Cornus stolonifera
Epilobium angustifolium
Holodiscus discolor
Menziesia ferruginea
Rhododendron macrophyllum
Rubus spectabilis
Vaccinium alaskaense
Vaccinium parvifolium
Understory Species
Epilobium glandulosum
Mimulus guttatus
Galium triflorum
Montia sibirica
Stachys cooleyae
Glyceria elata
Athyrium filix-femina
Mitella ovalis
Senecio triangularis
Petasites frigidus
Tiarella trifoliata
Frequency
0.59
0.51
0.42
0.31
0.18
0.11
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
Frequency Average Cover %
0.40 4.5
0.35 6.1
0.31 2.8
0.27 8.2
0.24 23.4
0.23 7.3
0.20 22.8
0.19 12.5
0.18 10.6
0.17 34.9
0.17 5.0157
Alnus rubra 0.15 17.5
Mitella pentandra 0.15 18.4
Oxalis trilliifolia 0.15 29.9
Ribes bracteosum 0.15 44.0
Viola glabella 0.15 9.1
Agrostis thurberiana 0.13 7.6
Lactuca muralis 0.13 3.8
Tsuga heterophylla 0.12 19.3
Festuca subulata 0.11 6.4
Tolmiea menziesii 0.11 15.5
Trautvetteria caroliniensis 0.10 13.0
Circaea alpina 0.09 5.2
Cornus canadensis 0.09 16.5
Linnaea borealis 0.09 10.0
Oenanthe sarmentosa 0.09 24.8
Oplopanax horridum 0.09 35.0
Rubus spectabilis 0.09 21.2
Vaccinium alaskaense 0.09 20.7
Saxifraga arguta 0.08 25.6
Aruncus sylvester 0.07 15.9
Epilobium angustifolium 0.07 25.5
Luzula parviflora 0.07 3.6
Montia cordifolia 0.07 5.0
Montia parvifolia 0.07 2.5
Physocarpus capitatus 0.07 38.8
Ribes lacustre 0.07 8.8
Streptopus amplexifolius 0.07 3.6
Thuja plicata 0.07 7.5
Veronica americana 0.07 2.5
Anaphalis margaritacea 0.06 3.9
Blechnum spicant 0.06 10.6
Cardamine cordifolia 0.06 2.5
Listera cordata 0.06 2.5
Acer circinatum 0.05 17.8
Aconitum columbianum 0.05 7.2
Aster modestus 0.05 4.1
Boykinia major 0.05 14.6
Cardamine breweri 0.05 2.5
Carex deweyana 0.05 16.3
Elymus glaucus 0.05 4.3
Equisetum arvense 0.05 2.5
Gymnocarpium dryopteris 0.05 13.1
Heracleum lanatum 0.05 11.4
Hieracium albiflorum 0.05 2.5
Polystichum munitum 0.05 7.9
Vaccinium parvifolium 0.05 14.7
Abies amabilis 0.04 4.6
Angelica genuflexa 0.04 8.8
Bromus vulgaris 0.04 18.8
Rubus pedatus 0.04 16.7
Stellaria longipes 0.04 2.5
Trisetum cernuum 0.04 2.5
Adenocaulon bicolor 0.03 23.8
Agrostis exarata 0.03 5.0Alnus sinuata
Anemone deltoidea
Arnica amplexicaulis
Caltha biflora
Carex laeviculmis
Carex mertensii
Cimicifuga laciniata
Clintonia uniflora
Habenaria saccata
Listera convallarioides
Maianthemum dilatatum
Menziesia ferruginea
Osmorhiza chilensis
Osmorhiza purpurea
Parnassia fimbriata
Ranunculus uncinatus
Stellaria crispa
Achlys triphylla
Asarum caudatum
Berberis nervosa
Carex aquatilis
Coptis laciniata
Cornus stolonifera
Corydalis scouleri
Lysichitum americanum
Pleuropogon refractus
Rubus lasiococcus
Senecio pseudaureus
Taxus brevifolia
Vaccinium ovalifolium
Vancouveria hexandra
Viola palustris
Abies procera
Adiantum pedatum
Agrostis diegoensis
Amelanchier alnifolia
Aquilegia formosa
Bromus inermis
Chimaphila umbellata
Cirsium arvense
Delphinium menziesii
Dicentra formosa
Galium oregana
Galium trifidum
Goodyera oblongifolia
Holodiscus discolor
Hypericum formosum
Juncus ensifolius
Lathyrus a
Lathyrus b
Listera caurina
Mentha arvensis
Mimulus moschatus
Mitella caulescens
0.03 7.5
0.03 2.5
0.03 17.5
0.03 11.9
0.03 17.0
0.03 8.8
0.03 7.5
0.03 26.5
0.03 2.5
0.03 35.6
0.03 2.5
0.03 20.6
0.03 2.5
0.03 2.5
0.03 5.6
0.03 2.5
0.03 2.5
0.02 10.8
0.02 2.5
0.02 26.7
0.02 30.8
0.02 2.5
0.02 10.8
0.02 26.7
0.02 6.7
0.02 26.7
0.02 2.5
0.02 2.5
0.02 30.8
0.02 10.8
0.02 42.5
0.02 2.5
0.01 15.0
0.01 38.8
0.01 15.0
0.01 2.5
0.01 15.0
0.01 62.5
0.01 2.5
0.01 8.8
0.01 2.5
0.01 2.5
0.01 15.0
0.01 2.5
0.01 2.5
0.01 68.8
0.01 2.5
0.01 2.5
0.01 2.5
0.01 2.5
0.01 2.5
0.01 2.5
0.01 2.5
0.01 8.8
158159
Nemophila parviflora 0.01 2.5
Pachistima myrsinites 0.01 15.0
Pedicularis racemosa 0.01 62.5
Poa trivialis 0.01 15.0
Pseudotsuga menziesii 0.01 32.5
Pteridium aquilinum 0.01 2.5
Pyrola asarifolium 0.01 2.5
Pyrola minor 0.01 2.5
Ranunculus aquatilis 0.01 2.5
Rhododendron macrophyllum 0.01 32.5
Rosa gymnocarpa 0.01 15.0
Rubus leucodermis 0.01 2.5
Rubus parviflorus 0.01 15.0
Scirpus microcarpus 0.01 2.5
Smilacina racemosa 0.01 15.0
Smilacina stellata 0.01 2.5
Sorbus scopulina 0.01 15.0
Trientalis latifolia 0.01 2.5
Trillium ovatum 0.01 2.5
Vaccinium membranaceum 0.01 15.0
Valeriana scouleri 0.01 15.0
Valeriana sitchensis 0.01 2.5
Viburnum edule 0.01 2.5
Viola sempervirens 0.01 8.8
Xerophyllum tenax 0.01 15.0